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Introduction 


In this book we present a complete and detailed proof of the 


Poincaré Conjecture: a closed, smooth, simply connected 
3-manifold is diffeomorphid] to S°. 


This conjecture was formulated by Henri Poincaré in 1904 and has remained 
open until the recent work of Perelman. The arguments we give here are a detailed 
version of those that appear in Perelman’s three preprints [53} |55} [54]. Perelman’s 
arguments rest on a foundation built by Richard Hamilton with his study of the 
Ricci flow equation for Riemannian metrics. Indeed, Hamilton believed that Ricci 
flow could be used to establish the Poincaré Conjecture and more general topological 
classification results in dimension 3, and laid out a program to accomplish this. The 
difficulty was to deal with singularities in the Ricci flow. Perelman’s breakthrough 
was to understand the qualitative nature of the singularities sufficiently to allow 
him to prove the Poincaré Conjecture (and Theorem below which implies the 
Poincaré Conjecture). For a detailed history of the Poincaré Conjecture, see Milnor’s 
survey article {50}. 


A class of examples closely related to the 3-sphere are the 3-dimensional spherical 
space-forms, i.e., the quotients of S° by free, linear actions of finite subgroups of the 
orthogonal group O(4). There is a generalization of the Poincaré Conjecture, called 
the 3-dimensional spherical space-form conjecture, which conjectures that any 
closed 3-manifold with finite fundamental group is diffeomorphic to a 3-dimensional 
spherical space-form. Clearly, a special case of the 3-dimensional spherical space- 
form conjecture is the Poincaré Conjecture. 

As indicated in Remark 1.4 of [54], the arguments we present here not only 
prove the Poincaré Conjecture, they prove the 3-dimensional space-form conjecture. 
In fact, the purpose of this book is to prove the following more general theorem. 


THEOREM 0.1. Let M be a closed, connected 3-manifold and suppose that the 
fundamental group of M is a free product of finite groups and infinite cyclic groups. 
Then M is diffeomorphic to a connected sum of spherical space-forms, copies of 
S? x S', and copies of the unique (up to diffeomorphism) non-orientable 2-sphere 
bundle over S'. 


livery topological 3-manifold admits a differentiable structure and every homeomorphism be- 
tween smooth 3-manifolds can be approximated by a diffeomorphism. Thus, classification results 
about topological 3-manifolds up to homeomorphism and about smooth 3-manifolds up to diffeo- 
morphism are equivalent. In this book ‘manifold’ means ‘smooth manifold.’ 
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This immediately implies an affirmative resolution of the Poincaré Conjecture 
and of the 3-dimensional spherical space-form conjecture. 


COROLLARY 0.2. (a) A closed, simply connected 3-manifold is diffeomorphic to 
5°. (b) A closed 3-manifold with finite fundamental group is diffeomorphic to a 
3-dimensional spherical space-form. 


Before launching into a more detailed description of the contents of this book, 
one remark on the style of the exposition is in order. Because of the importance and 
visibility of the results discussed here, and because of the number of incorrect claims 
of proofs of these results in the past, we felt that it behooved us to work out and 
present the arguments in great detail. Our goal was to make the arguments clear 
and convincing and also to make them more easily accessible to a wider audience. 
As a result, experts may find some of the points are overly elaborated. 


1. Overview of Perelman’s argument 


In dimensions less than or equal to three, any Riemannian metric of constant 
Ricci curvature has constant sectional curvature. Classical results in Riemannian 
geometry show that the universal cover of a closed manifold of constant positive 
curvature is diffeomorphic to the sphere and that the fundamental group is identified 
with a finite subgroup of the orthogonal group acting linearly and freely on the 
universal cover. Thus, one can approach the Poincaré Conjecture and the more 
general 3-dimensional spherical space-form problem by asking the following question. 
Making the appropriate fundamental group assumptions on 3-manifold M, how does 
one establish the existence of a metric of constant Ricci curvature on M? The 
essential ingredient in producing such a metric is the Ricci flow equation introduced 
by Richard Hamilton in [29]: 

Patt) _ _opie(g(t), 
where Ric(g(t)) is the Ricci curvature of the metric g(t). The fixed points (up to 
rescaling) of this equation are the Riemannian metrics of constant Ricci curvature. 
For a general introduction to the subject of the Ricci flow see Hamilton’s survey 
paper [84], the book by Chow-Knopf [13], or the book by Chow, Lu, and Ni [14]. 
The Ricci flow equation is a (weakly) parabolic partial differential flow equation 
for Riemannian metrics on a smooth manifold. Following Hamilton, one defines a 
Ricci flow to be a family of Riemannian metrics g(t) on a fixed smooth manifold, 
parameterized by ¢ in some interval, satisfying this equation. One considers t as time 
and studies the equation as an initial value problem: Beginning with any Riemannian 
manifold (IM, go) find a Ricci flow with (MW, go) as initial metric; that is to say find a 
one-parameter family (M, g(t)) of Riemannian manifolds with g(0) = go satisfying 
the Ricci flow equation. This equation is valid in all dimensions but we concentrate 
here on dimension three. In a sentence, the method of proof is to begin with any 
Riemannian metric on the given smooth 3-manifold and flow it using the Ricci flow 
equation to obtain the constant curvature metric for which one is searching. There 
are two examples where things work in exactly this way, both due to Hamilton. 
(i) If the initial metric has positive Ricci curvature, Hamilton proved over twenty 
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years ago, [29], that under the Ricci flow the manifold shrinks to a point in finite 
time, that is to say, there is a finite-time singularity, and, as we approach the singular 
time, the diameter of the manifold tends to zero and the curvature blows up at every 
point. Hamilton went on to show that, in this case, rescaling by a time-dependent 
function so that the diameter is constant produces a one-parameter family of metrics 
converging smoothly to a metric of constant positive curvature. (ii) At the other 
extreme, in Hamilton showed that if the Ricci flow exists for all time and if 
there is an appropriate curvature bound together with another geometric bound, 
then as t > oo, after rescaling to have a fixed diameter, the metric converges to a 
metric of constant negative curvature. 

The results in the general case are much more complicated to formulate and much 
more difficult to establish. While Hamilton established that the Ricci flow equation 
has short-term existence properties, i.e., one can define g(t) for t in some interval 
(0,7) where T depends on the initial metric, it turns out that if the topology of the 
manifold is sufficiently complicated, say it is a non-trivial connected sum, then no 
matter what the initial metric is one must encounter finite-time singularities, forced 
by the topology. More seriously, even if the manifold has simple topology, beginning 
with an arbitrary metric one expects to (and cannot rule out the possibility that 
one will) encounter finite-time singularities in the Ricci flow. These singularities, 
unlike in the case of positive Ricci curvature, occur along proper subsets of the 
manifold, not the entire manifold. Thus, to derive the topological consequences 
stated above, it is not sufficient in general to stop the analysis the first time a 
singularity arises in the Ricci flow. One is led to study a more general evolution 
process called Ricci flow with surgery, first introduced by Hamilton in the context of 
four-manifolds, [35]. This evolution process is still parameterized by an interval in 
time, so that for each t¢ in the interval of definition there is a compact Riemannian 
3-manifold M;. But there is a discrete set of times at which the manifolds and 
metrics undergo topological and metric discontinuities (surgeries). In each of the 
complementary intervals to the singular times, the evolution is the usual Ricci flow, 
though, because of the surgeries, the topological type of the manifold MM; changes 
as t moves from one complementary interval to the next. From an analytic point of 
view, the surgeries at the discontinuity times are introduced in order to ‘cut away’ 
a neighborhood of the singularities as they develop and insert by hand, in place of 
the ‘cut away’ regions, geometrically nice regions. This allows one to continue the 
Ricci flow (or more precisely, restart the Ricci flow with the new metric constructed 
at the discontinuity time). Of course, the surgery process also changes the topology. 
To be able to say anything useful topologically about such a process, one needs 
results about Ricci flow, and one also needs to control both the topology and the 
geometry of the surgery process at the singular times. For example, it is crucial for 
the topological applications that we do surgery along 2-spheres rather than surfaces 
of higher genus. Surgery along 2-spheres produces the connected sum decomposition, 
which is well-understood topologically, while, for example, Dehn surgeries along tori 
can completely destroy the topology, changing any 3-manifold into any other. 

The change in topology turns out to be completely understandable and amazingly, 
the surgery processes produce exactly the topological operations needed to cut the 
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manifold into pieces on which the Ricci flow can produce the metrics sufficiently 
controlled so that the topology can be recognized. 

The bulk of this book (Chapters 1-17 and the Appendix) concerns the establish- 
ment of the following long-time existence result for Ricci flow with surgery. 


THEOREM 0.3. Let (M,g0) be a closed Riemannian 3-manifold. Suppose that 
there is no embedded, locally separating RP? contained in M. Then there is a Ricci 
flow with surgery defined for all t € [0,co) with initial metric (M,go). The set 
of discontinuity times for this Ricci flow with surgery is a discrete subset of [0,00). 
The topological change in the 3-manifold as one crosses a surgery time is a connected 
sum decomposition together with removal of connected components, each of which is 
diffeomorphic to one of S?x S', RP?#RP®, the non-orientable 2-sphere bundle over 
S!, or a manifold admitting a metric of constant positive curvature. 


While Theorem [0.3] is central for all applications of Ricci flow to the topology of 
three-dimensional manifolds, the argument for the 3-manifolds described in Theo- 
rem is simplified, and avoids all references to the nature of the flow as time goes 
to infinity, because of the following finite-time extinction result. 


THEOREM 0.4. Let M be a closed 3-manifold whose fundamental group is a free 
product of finite groups and infinite cyclic group ‘1. Let go be any Riemannian metric 
on M. Then M admits no locally separating RP?, so that there is a Ricci flow with 
surgery defined for all positive time with (M, go) as initial metric as described in 
Theorem[@.3, This Ricci flow with surgery becomes extinct after some time T < x, 
in the sense that the manifolds M; are empty for allt > T. 


This result is established in Chapter 18 following the argument given by Perelman 
in [54], see also [15]. 

We immediately deduce Theorem [0.1] from Theorems and [0.4] as follows: Let 
M be a 3-manifold satisfying the hypothesis of Theorem [0.1] Then there is a finite 
sequence M = Mo, M,,..., My, = such that for each i, 1 <i<k, M; is obtained 
from M;_1 by a connected sum decomposition or M; is obtained from M;_1 by 
removing a component diffeomorphic to one of S? x S', RP?#RP®, a non-orientable 
2-sphere bundle over S!, or a 3-dimensional spherical space-form. Clearly, it follows 
by downward induction on i that each connected component of M; is diffeomorphic 
to a connected sum of 3-dimensional spherical space-forms, copies of S? x $+, and 
copies of the non-orientable 2-sphere bundle over S'. In particular, M = Mo has 
this form. Since M is connected by hypothesis, this proves the theorem. In fact, 
this argument proves the following: 


CoROLLARY 0.5. Let (Mo, go) a connected Riemannian manifold with no locally 
separating RP?. Let (M,G) be a Ricci flow with surgery defined for 0 < t < co with 
(Mo, 90) as initial manifold. Then the following four conditions are equivalent: 


2Le., no embedded RP? in M with trivial normal bundle. Clearly, all orientable manifolds 
satisfy this condition. 

3In Perelman states the result for 3-manifolds without prime factors that are acyclic. It is 
a standard exercise in 3-manifold topology to show that Perelman’s condition is equivalent to the 
group theory hypothesis stated here; see Corollary [0.5] 
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(1) (M,G) becomes extinct after a finite time, i.e., Mp = 0 for all T sufficiently 
large, 

(2) Mo is diffeomorphic to a connected sum of three-dimensional spherical 
space-forms and S?-bundles over S*, 

(3) the fundamental group of Mo is a free product of finite groups and infinite 
cyclic groups, 

(4) no primd4 factor of Mo is acyclic, i.e., every prime factor of Mo has either 
non-trivial 72 or non-trivial 73. 


PRoor. Repeated application of Theorem [0.3] shows that (1) implies (2). The 
implication (2) implies (3) is immediate from van Kampen’s theorem. The fact that 
(3) implies (1) is Theorem [0.4] This shows that (1), (2) and (3) are all equivalent. 
Since three-dimensional spherical space-forms and 5?-bundles over 5S! are easily 
seen to be prime, (2) implies (4). Thus, it remains only to see that (4) implies (3). 
We consider a manifold M satisfying (4), a prime factor P of M, and universal 
covering P of P. First suppose that 7 (P) = 2(P) is trivial. Then, by hypothesis 
73(P) = 73(P) is non-trivial. By the Hurewicz theorem this means that H3(P) is 
non-trivial, and hence that Pisa compact, simply connected three-manifold. It 
follows that 71(P) is finite. Now suppose that 72(P) is non-trivial. Then P is not 
diffeomorphic to RP*. Since P is prime and contains no locally separating RP?, it 
follows that P contains no embedded RP?. Then by the sphere theorem there is an 
embedded two-sphere in P that is homotopically non-trivial. Since P is prime, this 
sphere cannot separate, so cutting P open along it produces a connected manifold P 
with two boundary two-spheres. Since Pp is prime, it follows that Po is diffeomorphic 
to S? x I and hence P is diffeomorphic to a two-sphere bundle over the circle. O 





REMARK 0.6. (i) The use of the sphere theorem is unnecessary in the above 

argument for what we actually prove is that if every prime factor of M has non- 
trivial 72 or non-trivial 73, then the Ricci flow with surgery with (MM, go) as initial 
metric becomes extinct after a finite time. In fact, the sphere theorem for closed 
three-manifolds follows from the results here. 
(ii) If the initial manifold is simpler then all the time-slices are simpler: If (M,G) 
is a Ricci flow with surgery whose initial manifold is prime, then every time-slice 
is a disjoint union of connected components, all but at most one being diffeomor- 
phic to a three-sphere and if there is one not diffeomorphic to a three-sphere, then 
it is diffeomorphic to the initial manifold. If the initial manifold is a simply con- 
nected manifold Mo, then every component of every time-slice Mr must be simply 
connected, and thus a posteriori every time-slice is a disjoint union of manifolds 
diffeomorphic to the three-sphere. Similarly, if the initial manifold has finite funda- 
mental group, then every connected component of every time-slice is either simply 
connected or has the same fundamental group as the initial manifold. 


4A three-manifold P is prime if every separating two-sphere in P bounds a three-ball in P. 
Equivalently, P is prime if it admits no non-trivial connected sum decomposition. Every closed 
three-manifold decomposes as a connected sum of prime factors with the decomposition being 
unique up to diffeomorphism of the factors and the order of the factors. 
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(iii) The conclusion of this result is a natural generalization of Hamilton’s conclu- 
sion in analyzing the Ricci flow on manifolds of positive Ricci curvature in [29]. 
Namely, under appropriate hypotheses, during the evolution process of Ricci flow 
with surgery the manifold breaks into components each of which disappears in finite 
time. As a component disappears at some finite time, the metric on that compo- 
nent is well enough controlled to show that the disappearing component admits a 
non-flat, homogeneous Riemannian metric of non-negative sectional curvature, i.e., 
a metric locally isometric to either a round S$? or to a product of a round S$? with 
the usual metric on R. The existence of such a metric on a component immediately 
gives the topological conclusion of Theorem [0.1] for that component, i.e., that it is 
diffeomorphic to a 3-dimensional spherical space-form, to S$? x S! to a non-orientable 
2-sphere bundle over S!, or to RP?#RP?. The biggest difference between these two 
results is that Hamilton’s hypothesis is geometric (positive Ricci curvature) whereas 
Perelman’s is homotopy theoretic (information about the fundamental group). 

(iv) It is also worth pointing out that it follows from Corollary (0.5)that the manifolds 
that satisfy the four equivalent conditions in that corollary are exactly the closed, 
connected, three-manifolds that admit a Riemannian metric of positive scalar cur- 


vature, cf, and [26]. 


One can use Ricci flow in a more general study of three-manifolds than the one we 
carry out here. There is a conjecture due to Thurston, see [69], known as Thurston’s 
Geometrization Conjecture or simply as the Geometrization Conjecture for three- 
manifolds. It conjectures that every 3-manifold without locally separating RP?’s (in 
particular every orientable 3-manifold) is a connected sum of prime 3-manifolds each 
of which admits a decomposition along incompressibld4 tori into pieces that admit 
locally homogeneous geometries of finite volume. Modulo questions about cofinite- 
volume lattices in SL2(C), proving this conjecture leads to a complete classification 
of 3-manifolds without locally separating RP?’s, and in particular to a complete 
classification of all orientable 3-manifolds. (See Peter Scott’s survey article [63].) 
By passing to the orientation double cover and working equivariantly, these results 
can be extended to all 3-manifolds. 

Perelman in has stated results which imply a positive resolution of Thurston’s 
Geometrization conjecture. Perelman’s proposed proof of Thurston’s Geometriza- 
tion Conjecture relies in an essential way on Theorem [0.3] namely the existence of 
Ricci flow with surgery for all positive time. But it also involves a further analy- 
sis of the limits of these Ricci flows as time goes to infinity. This further analysis 
involves analytic arguments which are exposed in Sections 6 and 7 of Perelman’s 
second paper ([55]), following earlier work of Hamilton ({36]) in a simpler case of 
bounded curvature. They also involve a result (Theorem 7.4 from [55]) from the 
theory of manifolds with curvature locally bounded below that are collapsed, re- 
lated to results of Shioya-Yamaguchi [67]. The Shioya-Yamaguchi results in turn 
rely on an earlier, unpublished work of Perelman proving the so-called ‘Stability 
Theorem.’ Recently, Kapovich, has put a preprint on the archive giving a proof 
of the stability result. We have been examining another approach, one suggested by 


5Le., embedded by a map that is injective on 7. 
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Perelman in [55], avoiding the stability theorem, cf, and [51]. It is our view 
that the collapsing results needed for the Geometrization Conjecture are in place, 
but that before a definitive statement that the Geometrization Conjecture has been 
resolved can be made these arguments must be subjected to the same close scrutiny 
that the arguments proving the Poincaré Conjecture have received. This process is 
underway. 

In this book we do not attempt to explicate any of the results beyond Theorem|0.3] 
described in the previous paragraph that are needed for the Geometrization Con- 
jecture. Rather, we content ourselves with presenting a proof of Theorem [0.1] above 
which, as we have indicated, concerns initial Riemannian manifolds for which the 
Ricci flow with surgery becomes extinct after finite time. We are currently preparing 
a detailed proof, along the lines suggested by Perelman, of the further results that 
will complete the proof of the Geometrization Conjecture. 

As should be clear from the above overview, Perelman’s argument did not arise 
in a vacuum. Firstly, it resides in a context provided by the general theory of 
Riemannian manifolds. In particular, various notions of convergence of sequences of 
manifolds play a crucial role. The most important is geometric convergence (smooth 
convergence on compact subsets). Even more importantly, Perelman’s argument 
resides in the context of the theory of the Ricci flow equation, introduced by Richard 
Hamilton and extensively studied by him and others. Perelman makes use of almost 
every previously established result for 3-dimensional Ricci flows. One exception is 
Hamilton’s proposed classification results for three-dimensional singularities. These 
are replaced by Perelman’s strong qualitative description of singularity development 
for Ricci flows on compact three-manifolds. 

The first five chapters of the book review the necessary background material from 
these two subjects. Chapters 6 through 11 then explain Perelman’s advances. In 
Chapter 12 we introduce the standard solution, which is the manifold constructed by 
hand that one ‘glues in’ in doing surgery. Chapters 13 through 17 describe in great 
detail the surgery process and prove the main analytic and topological estimates 
that are needed to show that one can continue the process for all positive time. At 
the end of Chapter 17 we have established Theorem [0.3} Chapter 18 discusses the 
finite-time extinction result. Chapter 19 is an appendix on some topological results 
that were needed in the surgery analysis in Chapters 13-17. 


2. Background material from Riemannian geometry 


2.1. Volume and injectivity radius. One important general concept that is 
used throughout is the notion of a manifold being non-collapsed at a point. Suppose 
that we have a point x in a complete Riemannian n-manifold. Then we say that the 
manifold is k-non-collapsed at x provided that the following holds: For any r such 
that the norm of the Riemannian curvature tensor, |Rm|, is < r~? at all points of 
the metric ball, B(x,r), of radius r centered at x, we have Vol B(x,r) > Kr”. There 
is a relationship between this notion and the injectivity radius of M at x. Namely, if 
|Rm| < r~? on B(z,r) and if B(x,r) is K-non-collapsed then the injectivity radius of 
M at « is greater than or equal to a positive constant that depends only on r and k. 
The advantage of working with the volume non-collapsing condition is that, unlike 
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for the injectivity radius, there is a simple equation for the evolution of volume under 
Ricci flow. 

Another important general result is the Bishop-Gromov volume comparison result 
that says that if the Ricci curvature of a complete Riemannian n-manifold M is 
bounded below by a constant (n — 1)K then for any x € M the ratio of the volume 
of B(x,r) to the volume of the ball of radius r in the space of constant curvature 
is a non-increasing function whose limit as r > 0 is 1. 

All of these basic facts from Riemannian geometry are reviewed in the first chap- 
ter. 


2.2. Manifolds of non-negative curvature. For reasons that should be clear 
from the above description and in any event will become much clearer shortly, man- 
ifolds of non-negative curvature play an extremely important role in the analysis of 
Ricci flows with surgery. We need several general results about them. The first is the 
soul theorem for manifolds of non-negative sectional curvature. A soul is a compact, 
totally geodesic submanifold. The entire manifold is diffeomorphic to the total space 
of a vector bundle over any of its souls. If a non-compact n-manifold has positive 
sectional curvature, then any soul for it is a point, and in particular, the manifold is 
diffeomorphic to Euclidean space. In addition, the distance function f from a soul 
has the property that for every t > 0 the pre-image f~'(t) is homeomorphic to an 
(n —1)-sphere and the pre-image under this distance function of any non-degenerate 
interval J.C Rt is homeomorphic to S"~! x J. 

Another important result is the splitting theorem, which says that, if a complete 
manifold of non-negative sectional curvature has a geodesic line (an isometric copy 
of R) that is distance minimizing between every pair of its points, then that manifold 
is a metric product of a manifold of one lower dimension and R. In particular, if a 
complete n-manifold of non-negative sectional curvature has two ends then it is a 
metric product N"~! x R where N”~! is a compact manifold. 

Also, we need some of the elementary comparison results from Toponogov theory. 
These compare ordinary triangles in the Euclidean plane with triangles in a manifold 
of non-negative sectional curvature whose sides are minimizing geodesics in that 
manifold. 


2.3. Canonical neighborhoods. Much of the analysis of the geometry of 
Ricci flows revolves around the notion of canonical neighborhoods. Fix some ¢€ > 0 
sufficiently small. There are two types of non-compact canonical neighborhoods: ¢- 
necks and e-caps. An e-neck in a Riemannian 3-manifold (M,g) centered at a point 
x € M isasubmanifold N C M and a diffeomorphism 7: $? x (—e~!,e~!)  N such 
that « € w(S? x {0}) and such that the pullback of the rescaled metric, W*(R(x)g), 
is within ¢ in the Cl!/4_topology of the product of the round metric of scalar curva- 
ture 1 on S$? with the usual metric on the interval (—e~',e~!). (Throughout, R(z) 
denotes the scalar curvature of (/,g) at the point x.) An e-cap is a non-compact 
submanifold C C M with the property that a neighborhood JN of infinity in C is an 
e-neck, such that every point of N is the center of an e-neck in M, and such that 
the core, C \ N, of the e-cap is diffeomorphic to either a 3-ball or a punctured RP?®. 
It will also be important to consider ¢-caps that, after rescaling to make R(x) = 1 
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for some point x in the cap, have bounded geometry (bounded diameter, bounded 
ratio of the curvatures at any two points, and bounded volume). If C represents the 
bound for these quantities, then we call the cap an (C,«)-cap. See Fia.[i] An e-tube 
in M is asubmanifold of M diffeomorphic to $? x (0,1) which is a union of e-necks 
and with the property that each point of the e-tube is the center of an e-neck in M. 


cross section 2-sphere eal 


scalar curvature close to 1. 


e-neck of scale 1 





diffeomorphic 
to B® or to 
RP* — {pt} 


FIGURE 1. Canonical neighborhoods. 


There are two other types of canonical neighborhoods in 3-manifolds — (i) a 
C-component and (ii) an e-round component. The C-component is a compact, con- 
nected Riemannian manifold of positive sectional curvature diffeomorphic to either 
S° or RP? with the property that rescaling the metric by R(x) for any x in the 
component produces a Riemannian manifold whose diameter is at most C’, whose 
sectional curvature at any point and in any 2-plane direction is between C~! and C, 
and whose volume is between C7! and C. An e-round component is a component 
on which the metric rescaled by R(x) for any x in the component is within € in the 
cCl'/4_topology of a round metric of scalar curvature one. 

As we shall see, the singularities at time 7’ of a 3-dimensional Ricci flow are 
contained in subsets that are unions of canonical neighborhoods with respect to the 
metrics at nearby, earlier times t/ < T. Thus, we need to understand the topology 
of manifolds that are unions of e-tubes and e-caps. The fundamental observation is 
that, provided that ¢ is sufficiently small, when two e-necks intersect (in more than 
a small neighborhood of the boundaries) their product structures almost line up, 
so that the two e-necks can be glued together to form a manifold fibered by S?’s. 
Using this idea we show that, for « > 0 sufficiently small, if a connected manifold is 
a union of €-tubes and e-caps then it is diffeomorphic to R?, S? x R, S%, S? x St, 
RP?#RP?, the total space of a line bundle over RP?, or the non-orientable 2-sphere 
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bundle over S!. This topological result is proved in the appendix at the end of the 
book. We shall fix ¢ > 0 sufficiently small so that these results hold. 

There is one result relating canonical neighborhoods and manifolds of positive 
curvature of which we make repeated use: Any complete 3-manifold of positive 
curvature does not admit e-necks of arbitrarily high curvature. In particular, if M 
is a complete Riemannian 3-manifold with the property that every point of scalar 
curvature greater than ro ? has a canonical neighborhood, then M has bounded 
curvature. This turns out to be of central importance and is used repeatedly. 

All of these basic facts about Riemannian manifolds of non-negative curvature 
are recalled in the second chapter. 


3. Background material from Ricci flow 


Hamilton introduced the Ricci flow equation, 


oat) = —2Ric(g(t)). 

This is an evolution equation for a one-parameter family of Riemannian metrics g(t) 
on a smooth manifold M. The Ricci flow equation is weakly parabolic and is strictly 
parabolic modulo the ‘gauge group’, which is the group of diffeomorphisms of the 
underlying smooth manifold. One should view this equation as a non-linear, tensor 
version of the heat equation. From it, one can derive the evolution equation for 
the Riemannian metric tensor, the Ricci tensor, and the scalar curvature function. 
These are all parabolic equations. For example, the evolution equation for scalar 
curvature R(x, t) is 


OR 
(0.1) 7p 2) — AR(z,t) + 2|Ric(2, t)|*, 
illustrating the similarity with the heat equation. (Here A is the Laplacian with 


non-positive spectrum.) 


3.1. First results. Of course, the first results we need are uniqueness and 
short-time existence for solutions to the Ricci flow equation for compact manifolds. 
These results were proved by Hamilton ([29]) using the Nash-Moser inverse function 
theorem, ( ). These results are standard for strictly parabolic equations. By now 
there is a fairly standard method for working ‘modulo’ the gauge group (the group 
of diffeomorphisms) and hence arriving at a strictly parabolic situation where the 
classical existence, uniqueness and smoothness results apply. The method for the 
Ricci flow equation goes under the name of ‘DeTurck’s trick.’ 

There is also a result that allows us to patch together local solutions (U, g(t)), a < 
t < b, and (U,h(t)), b < t < c, to form a smooth solution defined on the interval 
a <t<c provided that g(b) = h(b). 

Given a Ricci flow (M, g(t)) we can always translate, replacing t by t+to for some 
fixed tg, to produce a new Ricci flow. We can also rescale by any positive constant 
Q by setting h(t) = Qg(Q7't) to produce a new Ricci flow. 


3. BACKGROUND MATERIAL FROM RICCI FLOW 15 


3.2. Gradient shrinking solitons. Suppose that (M,g) is a complete Rie- 
mannian manifold, and suppose that there is a constant A > 0 with the property 
that 

Ric(g) = Ag. 


In this case, it is easy to see that there is a Ricci flow given by 
g(t) = (1 — 2Ab)g. 

In particular, all the metrics in this flow differ by a constant factor depending on 
time and the metric is a decreasing function of time. These are called shrinking 
solitons. Examples are compact manifolds of constant positive Ricci curvature. 

There is a closely related, but more general, class of examples: the gradient 
shrinking solitons. Suppose that (M,g) is a complete Riemannian manifold, and 
suppose that there is a constant A > 0 and a function f: M — R satisfying 


Ric(g) = Ag — Hess! f. 


In this case, there is a Ricci flow which is a shrinking family after we pull back 


by the one-parameter family of diffeomorphisms generated by the time-dependent 


vector field mvs f. An example of a gradient shrinking soliton is the manifold 





S? x R with the family of metrics being the product of the shrinking family of round 
metrics on S$? and the constant family of standard metrics on R. The function f is 
s*/4 where s is the Euclidean parameter on R. 


3.3. Controlling higher derivatives of curvature. Now let us discuss the 
smoothness results for geometric limits. The general result along these lines is Shi’s 
theorem, see [66]. Again, this is a standard type of result for parabolic equations. 
Of course, the situation here is complicated somewhat by the existence of the gauge 
group. Roughly, Shi’s theorem says the following. Let us denote by B(z,to,r) 
the metric ball in (IM, g(to)) centered at x and of radius r. If we can control the 
norm of the Riemannian curvature tensor on a backward neighborhood of the form 
B(a,to,r) x [0,to], then for each k > 0 we can control the k“” covariant derivative 
of the curvature on B(x,t,r/2") x [0,to] by a constant over t*/?. This result has 
many important consequences in our study because it tells us that geometric limits 
are smooth limits. Maybe the first result to highlight is the fact (established earlier 
by Hamilton) that if (17, g(t)) is a Ricci flow defined on 0 < t < T < ow, and if the 
Riemannian curvature is uniformly bounded for the entire flow, then the Ricci flow 
extends past time T’. 

In the third chapter this material is reviewed and, where necessary, slight variants 
of results and arguments in the literature are presented. 


3.4. Generalized Ricci flows. Because we cannot restrict our attention to 
Ricci flows, but rather must consider more general objects, Ricci flows with surgery, 
it is important to establish the basic analytic results and estimates in a context more 
general than that of Ricci flow. We choose to do this in the context of generalized 
Ricci flows. 

A generalized three-dimensional Ricci flow consists of a smooth four-dimensional 
manifold M (space-time) with a time function t: M — R and a smooth vector field 
x. These are required to satisfy: 
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(1) Each « € M has a neighborhood of the form U x J, where U is an open 
subset in R? and J C R is an interval, in which t is the projection onto 
J and x is the unit vector field tangent to the one-dimensional foliation 
{u} x J pointing in the direction of increasing t. We call t~1(t) the t 
time-slice. It is a smooth 3-manifold. 

(2) The image t(M) is a connected interval J in R, possibly infinite. The 
boundary of M is the pre-image under t of the boundary of J. 

(3) The level sets t~+(¢) form a codimension-one foliation of M, called the 
horizontal foliation, with the boundary components of M being leaves. 

(4) There is a metric G on the horizontal distribution, i.e., the distribution 
tangent to the level sets of t. This metric induces a Riemannian metric on 
each t time-slice varying smoothly as we vary the time-slice. We define the 
curvature of G at a point x € M to be the curvature of the Riemannian 
metric induced by G on the time-slice M; at x. 

(5) Because of the first property the integral curves of y preserve the horizontal 
foliation and hence the horizontal distribution. Thus, we can take the Lie 
derivative of G along y. The Ricci flow equation is then 


Ly(G) = —2Ric(G). 


Locally in space-time the horizontal metric is simply a smoothly varying family 
of Riemannian metrics on a fixed smooth manifold and the evolution equation is the 
ordinary Ricci flow equation. This means that the usual formulas for the evolution 
of the curvatures as well as much of the analytic analysis of Ricci flows still hold in 
this generalized context. In the end, a Ricci flow with surgery is a more singular 
type of space-time, but it will have an open dense subset which is a generalized Ricci 
flow, and all the analytic estimates take place in this open subset. 

The notion of canonical neighborhoods make sense in the context of generalized 
Ricci flows. There is also the notion of a strong e-neck. Consider an embedding 
w: (S? x (-e~!,e~*)) x (—1,0] into space-time such that the time function pulls 
back to the projection onto (—1,0] and the vector field y pulls back to 0/0dt. If 
there is such an embedding into an appropriately shifted and rescaled version of the 
original generalized Ricci flow so that the pull-back of the rescaled horizontal metric 
is within € in the Cl!/«-topology of the product of the shrinking family of round S?’s 
with the Euclidean metric on (—e~',€~!), then we say that 7 is a strong e-neck in 
the generalized Ricci flow. 


3.5. The maximum principle. The Ricci flow equation satisfies various forms 
of the maximum principle. The fourth chapter explains this principle, which is due 
to Hamilton (see Section 4 of [34]), and derives many of its consequences, which are 
also due to Hamilton (cf. [36]). This principle and its consequences are at the core 
of all the detailed results about the nature of the flow. We illustrate the idea by 
considering the case of the scalar curvature. A standard scalar maximum principle 
argument applied to Equation proves that the minimum of the scalar curvature 
is a non-decreasing function of time. In addition, it shows that if the minimum of 
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scalar curvature at time 0 is positive then we have 


1 
. > ‘ — 
Rin) = Fain (0) (; _ aod ; 

and thus the equation must develop a singularity at or before time n/(2Rmin(0)). 

While the above result about the scalar curvature is important and is used repeat- 
edly, the most significant uses of the maximum principle involve the tensor version, 
established by Hamilton, which applies for example to the Ricci tensor and the full 
curvature tensor. These have given the most significant understanding of the Ricci 
flows, and they form the core of the arguments that Perelman uses in his application 
of Ricci flow to 3-dimensional topology. Here are the main results established by 
Hamilton: 


(1) For 3-dimensional flows, if the Ricci curvature is positive, then the family of 
metrics becomes singular at finite time and as the family becomes singular, 
the metric becomes closer and closer to round; see [29]. 

(2) For 3-dimensional flows, as the scalar curvature goes to +00 the ratio of 
the absolute value of any negative eigenvalue of the Riemannian curvature 
to the largest positive eigenvalue goes to zero; see [86]. This condition is 
called pinched toward positive curvature. 

(3) Motivated by a Harnack inequality for the heat equation established by 
Li-Yau [48], Hamilton established a Harnack inequality for the curvature 
tensor under the Ricci flow for complete manifolds (M, g(t)) with bounded, 
non-negative curvature operator; see [82]. In the applications to three di- 
mensions, we shall need the following consequence for the scalar curvature: 
Suppose that (1, g(t)) is a Ricci flow defined for all ¢ € [7,71] of com- 
plete manifolds of non-negative curvature operator with bounded curvature. 


Then 
OR Rat) 


In particular, if (V7, g(t)) is an ancient solution (i.e., defined for all t < 0) 
of bounded, non-negative curvature then OR(x,t)/Ot > 0. 

(4) If a complete 3-dimensional Ricci flow (M,g(t)), 0 < t < T, has non- 
negative curvature, if g(0) is not flat, and if there is at least one point (x, T) 
such that the Riemannian curvature tensor of g(T) has a flat direction in 
MPT Mop, then M has a cover M so that for each t > 0 the Riemannian 
manifold (M, g(t)) splits as a Riemannian product of a surface of positive 





> 0. 


curvature and a Euclidean line. Furthermore, the flow on the cover M is 
the product of a 2-dimensional flow and the trivial one-dimensional Ricci 
flow on the line; see Sections 8 and 9 of [30]. 

(5) In particular, there is no Ricci flow of non-negative curvature tensor (U, g(t)), 
defined for 0 < t < T with T > 0, such that (U,g(T)) is isometric to an 
open subset in a non-flat, 3-dimensional metric cone. 


3.6. Geometric limits. In the fifth chapter we discuss geometric limits of Rie- 
mannian manifolds and of Ricci flows. Let us review the history of these ideas. The 
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first results about geometric limits of Riemannian manifolds go back to Cheeger in 
his thesis in 1967; see [6]. Here Cheeger obtained topological results. In [25] Gromov 
proposed that geometric limits should exist in the Lipschitz topology and suggested 
a result along these lines, which also was known to Cheeger. In [23], Greene-Wu 
gave a rigorous proof of the compactness theorem suggested by Gromov and also 
enhanced the convergence to be C!?-convergence by using harmonic coordinates; 
see also [56]. Assuming that all the derivatives of curvature are bounded, one can 
apply elliptic theory to the expression of curvature in harmonic coordinates and 
deduce C'°-convergence. These ideas lead to various types of compactness results 
that go under the name Cheeger-Gromov compactness for Riemannian manifolds. 
Hamilton in extended these results to Ricci flows. We shall use the compactness 
results for both Riemannian manifolds and for Ricci flows. In a different direction, 
geometric limits were extended to the non-smooth context by Gromov in where 
he introduced a weaker topology, called the Gromov-Hausdorff topology and proved 
a compactness theorem. 

Recall that a sequence of based Riemannian manifolds (Mp, gn,2n) is said to 
converge geometrically to a based, complete Riemannian manifold (Moo, goo; Yoo) if 
there is a sequence of open subsets U, C M,. with compact closures, with rt € 
U, CU, C Up C U2 C U3 C::- with U,Un = Moo, and embeddings yn: Un > Mn 
sending Xoo to Lp, so that the pull back metrics, y* gn, converge uniformly on compact 
subsets of M, in the C™-topology to gx. Notice that the topological type of the 
limit can be different from the topological type of the manifolds in the sequence. 
There is a similar notion of geometric convergence for a sequence of based Ricci 
flows. 

Certainly, one of the most important consequences of Shi’s results, cited above, 
is that, in concert with Cheeger-Gromov compactness, it allows us to form smooth 
geometric limits of sequences of based Ricci flows. We have the following result of 
Hamilton’s; see [33]: 








THEOREM 0.7. Suppose we have a sequence of based Ricci flows (Mn, gn(t), (@n, 9)) 
defined for t € (—T,0| with the (Mn, gn(t)) being complete. Suppose that: 


(1) There isr >0 and k > 0 such that for every n the metric ball B(zp,,0,7r) C 
(Mn, 9n(0)) 1s K-non-collapsed. 

(2) For each A < oo there is C = C(A) < oo such that the Riemannian 
curvature on B(ap,0,A) x (—T,0] is bounded by C. 


Then after passing to a subsequence there is a geometric limit which is a based Ricci 
flow (Moo; Joo(t), (Goo, 0)) defined for t € (—T, 0]. 


To emphasize, the two conditions that we must check in order to extract a geomet- 
ric limit of a subsequence based at points at time zero are: (i) uniform non-collapsing 
at the base point in the time zero metric, and (ii) for each A < oo uniformly bounded 
curvature for the restriction of the flow to the metric balls of radius A centered at 
the base points. 

Most steps in Perelman’s argument require invoking this result in order to form 
limits of appropriate sequences of Ricci flows, often rescaled to make the scalar cur- 
vatures at the base point equal to 1. If, before rescaling, the scalar curvature at 
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the base points goes to infinity as we move through the sequence, then the resulting 
limit of the rescaled flows has non-negative sectional curvature. This is a conse- 
quence of the fact that the sectional curvatures of the manifolds in the sequence are 
uniformly pinched toward positive. It is for exactly this reason that non-negative 
curvature plays such an important role in the study of singularity development in 
three-dimensional Ricci flows. 


4. Perelman’s advances 


So far we have been discussing the results that were known before Perelman’s 
work. They concern almost exclusively Ricci flow (though Hamilton in had 
introduced the notion of surgery and proved that surgery can be performed preserv- 
ing the condition that the curvature is pinched toward positive, as in (2) above). 
Perelman extended in two essential ways the analysis of Ricci flow — one involves 
the introduction of a new analytic functional, the reduced length, which is the tool 
by which he establishes the needed non-collapsing results, and the other is a delicate 
combination of geometric limit ideas and consequences of the maximum principle 
together with the non-collapsing results in order to establish bounded curvature at 
bounded distance results. These are used to prove in an inductive way the existence 
of canonical neighborhoods, which is a crucial ingredient in proving that is possible 
to do surgery iteratively, creating a flow defined for all positive time. 

While it is easiest to formulate and consider these techniques in the case of 
Ricci flow, in the end one needs them in the more general context of Ricci flow with 
surgery since we inductively repeat the surgery process, and in order to know at each 
step that we can perform surgery we need to apply these results to the previously 
constructed Ricci flow with surgery. We have chosen to present these new ideas only 
once — in the context of generalized Ricci flows — so that we can derive the needed 
consequences in all the relevant contexts from this one source. 


4.1. The reduced length function. In Chapter [6] we come to the first of 
Perelman’s major contributions. Let us first describe it in the context of an ordinary 
three-dimensional Ricci flow, but viewing the Ricci flow as a horizontal metric on 
a space-time which is the manifold M x I, where J is the interval of definition of 
the flow. Suppose that J = [0,7') and fix (x,t) € M x (0,7). We consider paths 
y(rT), 0 < 7 < TF, in space-time with the property that for every rt < 7 we have 
y(r) € M x {t —r} and 7(0) = x. These paths are said to be parameterized by 
backward time. See Fic. |2| The £-length of such a path is given by 


£(9) = / "VF (R(o(1)) + (DP) ar, 


where the derivative on y refers to the spatial derivative. There is also the closely 
related reduced length 
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There is_a theory for the functional £ analogous to the theory for the usual energy 
function’. In particular, there is the notion of an £-geodesic, and the reduced length 
as a function on space-time ¢(,4): M x [0,t) + R. One establishes a crucial mono- 
tonicity for this reduced length along £-geodesics. Then one defines the reduced 
volume 


Vint (U x {t}) = | _ Fe "e.0(@7) dvolge(q), 
Ux{t} 


where, as before T = t — f. Because of the monotonicity of (et) along L-geodesics, 
the reduced volume is also non-increasing under the flow (forward in 7 and hence 
backward in time) of open subsets along £-geodesics. This is the fundamental tool 
which is used to establish non-collapsing results which in turn are essential in proving 
the existence of geometric limits. 


increasing 
t 





FIGURE 2. Curves in space-time parameterized by rT. 


The definitions and the analysis of the reduced length function and the reduced 
volume as well as the monotonicity results are valid in the context of the generalized 
Ricci flow. The only twist to be aware of is that in the more general context one 
cannot always extend £-geodesics; they may run ‘off the edge’ of space-time. Thus, 
the reduced length function and reduced volume cannot be defined globally, but 
only on appropriate open subsets of a time-slice (those reachable by minimizing L- 
geodesics). But as long as one can flow an open set U of a time-slice along minimizing 
£-geodesics in the direction of decreasing 7, the reduced volumes of the resulting 
family of open sets form a monotone non-increasing function of 7. This turns out to 
be sufficient to extend the non-collapsing results to Ricci flow with surgery provided 
that we are careful in how we choose the parameters that go into the definition of 
the surgery process. 


SEven though this functional is called a length, the presence of the |7/(r)|? in the integrand 
means that it behaves more like the usual energy functional for paths in a Riemannian manifold. 
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4.2. Application to non-collapsing results. As we indicated in the previous 
paragraph, one of the main applications of the reduced length function is to prove 
non-collapsing results for three-dimensional Ricci flows with surgery. In order to 
make this argument work, one takes a weaker notion of k-non-collapsed by making 
a stronger curvature bound assumption: one considers points (x,t) and constants r 
with the property that |Rm| < r~? on P(z,t,r,—-r?) = B(2,t,r) x (t— r?,t]. The 
«-non-collapsing condition applies to these balls and says that Vol(B(2,t,r)) > Kr°. 
The basic idea in proving non-collapsing is to use the fact that as we flow forward in 
time via minimizing £-geodesics the reduced volume is a non-decreasing function. 
Hence, a lower bound of the reduced volume of an open set at an earlier time implies 
the same lower bound for the corresponding open subset at a later time. This is 
contrasted with direct computations (related to the heat kernel in R*) that say if 
the manifold is highly collapsed near (,t) (i.e., satisfies the curvature bound above 
but is not «-non-collapsed for some small «) then the reduced volume Vow.) is small 
at times close to t. Thus, to show that the manifold is non-collapsed at (x,t) we 
need only find an open subset at an earlier time that is reachable by minimizing 
£-geodesics and that has a reduced volume bounded away from zero. 

One case where it is easy to do this is when we have a Ricci flow of compact man- 
ifolds or of complete manifolds of non-negative curvature. Hence, these manifolds 
are non-collapsed at all points with a non-collapsing constant that depends only 
on the geometry of the initial metric of the Ricci flow. Non-collapsing results are 
crucial and are used repeatedly in dealing with Ricci flows with surgery in Chapters 
10 — 17, for these give one of the two conditions required in order to take geometric 
limits. 


4.3. Application to ancient «-non-collapsed solutions. There is another 
important application of the length function, which is to the study of non-collapsed, 
ancient solutions in dimension three. In the case that the generalized Ricci flow is an 
ordinary Ricci flow either on a compact manifold or on a complete manifold (with 
bounded curvatures) one can say much more about the reduced length function and 
the reduced volume. Fix a point (xo, to) in space-time. First of all, one shows that 
every point (x,t) with t < to is reachable by a minimizing L-geodesic and thus 
that the reduced length is defined as a function on all points of space at all times 
t < to. It turns out to be a locally Lipschitz function in both space and time and 
hence its gradient and its time derivative exist as L?-functions and satisfy important 
differential inequalities in the weak sense. 

These results apply to a class of Ricci flows called «-solutions, where x is a positive 
constant. By definition a «-solution is a Ricci flow defined for all t € (—co, 0], each 
time-slice is a non-flat, complete 3-manifold of non-negative, bounded curvature and 
each time-slice is k-non-collapsed. The differential inequalities for the reduced length 
from any point (x,0) imply that, for any t < 0, the minimum value of (2 9) (y, t) for 
all y € M is at most 3/2. Furthermore, again using the differential inequalities for 
the reduced length function, one shows that for any sequence t, — —oo, and any 
points (Yn, tn) at which the reduced length function is bounded above by 3/2, there 
is a subsequence of based Riemannian manifolds, (M, rl G(tn), Yn), With a geometric 
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limit, and this limit is a gradient shrinking soliton. This gradient shrinking soliton 
is called an asymptotic soliton for the original K-solution, see Fc. 3} 
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FIGURE 3. The asymptotic Soliton. 


The point is that there are only two types of gradient shrinking solitons in dimen- 
sion three — (i) those finitely covered by a family of shrinking round 3-spheres and 
(ii) those finitely covered by a family of shrinking round cylinders S? x R. If a «- 
solution has a gradient shrinking soliton of the first type then it is in fact isomorphic 
to its gradient shrinking soliton. More interesting is the case when the «-solution 
has a gradient shrinking soliton which is of the second type. If the «-solution does 
not have strictly positive curvature, then it is isomorphic to its gradient shrinking 
soliton. Furthermore, there is a constant Cy < oo depending on € (which remember 
is taken sufficiently small) such that a «-solution of strictly positive curvature is 
either a C)-component, or is a union of cores of (C,€)-caps and points that are the 
center points of e-necks. 

In order to prove the above results (for example the uniformity of C; as above 
over all «-solutions) one needs the following result: 


THEOREM 0.8. The space of based k-solutions, based at points (x,0) with R(«x,0) = 
1, 27s compact. 
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This result does not generalize to ancient solutions that are not non-collapsed 
because, in order to prove compactness, one has to take limits of subsequences, and 
in doing this the non-collapsing hypothesis is essential. See Hamilton’s work for 
more on general ancient solutions (i.e., those that are not necessarily non-collapsed). 

Since € > 0 is sufficiently small so that all the results from the appendix about 
manifolds covered by e-necks and e-caps hold, the above results about gradient 
shrinking solitons lead to a rough qualitative description of all «-solutions. There 
are those which do not have strictly positive curvature. These are gradient shrinking 
solitons, either an evolving family of round 2-spheres times R or the quotient of this 
family by an involution. Non-compact «-solutions of strictly positive curvature are 
diffeomorphic to R® and are the union of an e-tube and a core of a (Cj, €)-cap. 
The compact ones of strictly positive curvature are of two types. The first type 
are positive, constant curvature shrinking solitons. Solutions of the second type are 
diffeomorphic to either S° or RP?. Each time-slice of a K-solution of the second type 
is either of uniformly bounded geometry (curvature, diameter, and volume) when 
rescaled so that the scalar curvature at a point is one, or admits an e-tube whose 
complement is either a disjoint union of the cores of two (C4, €)-caps. 

This gives a rough qualitative understanding of «-solutions. Either they are 
round, or they are finitely covered by the product of a round surface and a line, 
or they are a union of e-tubes and cores of (Cj, €)-caps , or they are diffeomorphic 
to S° or RP® and have bounded geometry (again after rescaling so that there is 
a point of scalar curvature 1). This is the source of canonical neighborhoods for 
Ricci flows: the point is that this qualitative result remains true for any point x 
in a Ricci flow that has an appropriate size neighborhood within € in the Cl!/4- 
topology of a neighborhood in a «-solution. For example, if we have a sequence of 
based generalized flows (M,,,Gn,%n) converging to a based «-solution, then for all 
n sufficiently large x will have a canonical neighborhood, one that is either an e-neck 
centered at that point, a (C1, €)-cap whose core contains the point, a Cj-component, 
or an e-round component. 


4.4. Bounded curvature at bounded distance. Perelman’s other major 
breakthrough is his result establishing bounded curvature at bounded distance for 
blow-up limits of generalized Ricci flows. As we have alluded to several times, 
many steps in the argument require taking (smooth) geometric limits of a sequence 
of based generalized flows about points of curvature tending to infinity. To study 
such a sequence we rescale each term in the sequence so that its curvature at the 
base point becomes one. Nevertheless, in taking such limits we face the problem 
that even though the curvature at the point we are focusing on (the points we 
take as base points) was originally large and has been rescaled to be one, there 
may be other points in the same time-slice of much larger curvature, which, even 
after the rescalings, can tend to infinity. If these points are at uniformly bounded 
(rescaled) distance from the base points, then they would preclude the existence of 
a smooth geometric limit of the based, rescaled flows. In his arguments, Hamilton 
avoided this problem by always focusing on points of maximal curvature (or almost 
maximal curvature). That method will not work in this case. The way to deal with 
this possible problem is to show that a generalized Ricci flow satisfying appropriate 
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conditions satisfies the following. For each A < oo there are constants Qp = Qo(A) < 
oo and Q(A) < oo such that any point x in such a generalized flow for which the 
scalar curvature R(x) > Qo and for any y in the same time-slice as x with d(x, y) < 
AR(x)~'/? satisfies R(y)/R(x) < Q(A). As we shall see, this and the non-collapsing 
result are the fundamental tools that allow Perelman to study neighborhoods of 
points of sufficiently large curvature by taking smooth limits of rescaled flows, so 
essential in studying the prolongation of Ricci flows with surgery. 

The basic idea in proving this result is to assume the contrary and take an 
incomplete geometric limit of the rescaled flows based at the counterexample points. 
The existence of points at bounded distance with unbounded, rescaled curvature 
means that there is a point at infinity at finite distance from the base point where 
the curvature blows up. A neighborhood of this point at infinity is cone-like in a 
manifold of non-negative curvature. This contradicts Hamilton’s maximum principle 
result (5) in Chapter[3.5) that the result of a Ricci flow of manifolds of non-negative 
curvature is never an open subset of a cone. (We know that any ‘blow-up limit’ 
like this has non-negative curvature because of the curvature pinching result.) This 
contradiction establishes the result. 


5. The standard solution and the surgery process 


Now we are ready to discuss three-dimensional Ricci flows with surgery. 


5.1. The standard solution. In preparing the way for defining the surgery 
process, we must construct a metric on the 3-ball that we shall glue in when we 
perform surgery. This we do in Chapter We fix a non-negatively curved, rota- 
tionally symmetric metric on R® that is isometric near infinity to S? x [0,00) where 
the metric on S? is the round metric of scalar curvature 1, and outside this region 
has positive sectional curvature, see Fic. [4} Any such metric will suffice for the 
gluing process, and we fix one and call it the standard metric. It is important to 
understand Ricci flow with the standard metric as initial metric. Because of the 
special nature of this metric (the rotational symmetry and the asymptotic nature at 
infinity), it is fairly elementary to show that there is a unique solution of bounded 
curvature on each time-slice to the Ricci flow equation with the standard metric 
as the initial metric; this flow is defined for 0 < ¢ < 1; and for any T < 1 out- 
side of a compact subset X(T’) the restriction of the flow to [0,7] is close to the 
evolving round cylinder. Using the length function, one shows that the Ricci flow is 
non-collapsed, and that the bounded curvature and bounded distance result applies 
to it. This allows one to prove that every point (x,t) in this flow has one of the 
following types of neighborhoods: 


(1) (x,t) is contained in the core of a (C2,€)-cap, where C2 < oo is a given 
universal constant depending only on e. 

(2) (x,t) is the center of a strong e-neck. 

(3) (x,t) is the center of an evolving e-neck whose initial slice is at time zero. 


These form the second source of models for canonical neighborhoods in a Ricci 
flow with surgery. Thus, we shall set C = C(e) = max(Cj(e),C2(e)) and we shall 
find (C,€)-canonical neighborhoods in Ricci flows with surgery. 


5. THE STANDARD SOLUTION AND THE SURGERY PROCESS 25 


Ci i ot 


surgery cap 





S? x [0, 00) 
FIGURE 4. The standard metric. 


5.2. Ricci flows with surgery. Now it is time to introduce the notion of 
a Ricci flow with surgery. To do this we formulate an appropriate notion of 4- 
dimensional space-time that allows for the surgery operations. We define space- 
time to be a 4-dimensional Hausdorff singular space with a time function t with 
the property that each time-slice is a compact, smooth 3-manifold, but level sets at 
different times are not necessarily diffeomorphic. Generically space-time is a smooth 
4-manifold, but there are exposed regions at a discrete set of times. Near a point in 
the exposed region space-time is a 4-manifold with boundary. The singular points 
of space-time are the boundaries of the exposed regions. Near these, space-time is 
modeled on the product of R? with the square (—1,1) x (—1,1), the latter having 
a topology in which the open sets are, in addition to the usual open sets, open 
subsets of (0,1) x [0,1), see Fic.[5} There is a natural notion of smooth functions on 
space-time. These are smooth in the usual sense on the open subset of non-singular 
points. Near the singular points, and in the local coordinates described above, they 
are required to be pull-backs from smooth functions on R? x (—1,1) x (—1,1) under 
the natural map. Space-time is equipped with a smooth vector field y with y(t) = 1. 






horizontal slices 


FIGURE 5. Model for singularities in space-time. 


A Ricci flow with surgery is a smooth horizontal metric G on a space-time with 
the property that the restriction of G, t and y to the open subset of smooth points 
forms a generalized Ricci flow. We call this the associated generalized Ricci flow for 
the Ricci flow with surgery. 


5.3. The inductive conditions necessary for doing surgery. With all this 
preliminary work out of the way, we are ready to show that one can construct Ricci 
flow with surgery which is precisely controlled both topologically and metrically. 
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This result is proved inductively, one interval of time after another, and it is im- 
portant to keep track of various properties as we go along to ensure that we can 
continue to do surgery. Here we discuss the conditions we verify at each step. 

Fix €« > 0 sufficiently small and let C = max(C1,C2) < oo, where C is the 
constant associated to ¢€ for K-solutions and C% is the constant associated to ¢ for 
the standard solution. We say that a point x in a generalized Ricci flow has a 
(C, €)-canonical neighborhood if one of the following holds: 


(1) xis contained in a connected component of a time-slice that is a C-component. 

(2) x is contained in a connected component of its time-slice that is within ¢€ 
of round in the ClU/4-topology. 

(3) x is contained in the core of a (C,€)-cap. 

(4) x is the center of a strong e-neck. 


We shall study Ricci flows with surgery defined for 0 < t < T’ < co whose 
associated generalized Ricci flows satisfy the following properties: 


(1) The initial metric is normalized, meaning that for the metric at time zero 
the norm the Riemann curvature is bounded above by one and the volume 
of any ball of radius one is at least half the volume of the unit ball in 
Euclidean space. 

) The curvature of the flow is pinched toward positive. 

(3) There is & > 0 so that the associated generalized Ricci flow is «-non- 
collapsed on scales at most €, in the sense that we require only that balls 
of radius r < € be &-non-collapsed. 

(4) There is ro > 0 such that any point of space-time at which the scalar 
curvature is > ro ” has an (C,¢)-canonical neighborhood. 


The main result is that, having a Ricci flow with surgery defined on some time 
interval satisfying these conditions, it is possible to extend it to a longer time in- 
terval in such a way that it still satisfies the same conditions, possibly allowing the 
constants « and ro defining these conditions to get closer to zero, but keeping them 
bounded away from 0 on each compact time interval. We repeat this construction 
inductively, and, since it is easy to see that on any compact time interval there can 
only be a bounded number of surgeries. In the end, we create a Ricci flow with 
surgery defined for all positive time. As far as we know, it may be the case that in 
the entire flow defined all the way to infinity there are infinitely many surgeries. 


5.4. Surgery. Let us describe how we extend a Ricci flow with surgery satis- 
fying all the conditions listed above and becoming singular at time T’ < oo. Fix 
T~ < T so that there are no surgery times in the interval [[~,7T). Then we can 
use the Ricci flow to identify all the time-slices M; for t € [[~,T), and hence view 
this part of the Ricci flow with surgery as an ordinary Ricci flow. Because of the 
canonical neighborhood assumption, there is an open subset Q C M- on which the 
curvature stays bounded as t > JT’. Hence, by Shi’s results, there is a limiting metric 
at time T’ on Q. Furthermore, the scalar curvature is a proper function, bounded 
below, from 2 to R, and each end of Q is an e-tube where the cross-sectional area of 
the 2-spheres goes to zero as we go to the end of tube. We call such tubes €-horns. 
We are interested in e-horns whose boundary is contained in the part of Q where the 
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scalar curvature is bounded above by some fixed finite constant p~?. We call this 
region (2,. Using the bounded curvature at bounded distance result and using the 
non-collapsing hypothesis, one shows that given any 6 > 0 there is h = h(06, p,170) 
such that for any e-horn H whose boundary lies in Q, and for any x € H with 
R(x) > h~?, the point x is the center of a strong 6-neck. 

Now we are ready to describe the surgery procedure. It depends on our choice of 
standard solution on R? and on a choice of 6 > 0 sufficiently small. For each ¢-horn 
in Q whose boundary is contained in Q, fix a point of curvature (h(6, p,r9))~° and fix 
a strong d-neck centered at this point. Then we cut the e-horn open along the central 
2-sphere S of this neck and remove the end of the e-horn that is cut off by S. Then 
we glue in a ball of a fixed radius around the tip from the standard solution, after 
scaling the metric on this ball by (h(6,p,79))*. To glue these two metrics together 
we must use a partition of unity near the 2-spheres that are matched. There is also 
a delicate point that we first bend in the metrics slightly so as to achieve positive 
curvature near where we are gluing. This is an idea due to Hamilton, and it is 
needed in order to show that the condition of curvature pinching toward positive 
is preserved. In addition, we remove all components of 2 that do not contain any 
points of Q,. 

This operation produces a new compact 3-manifold. One continues the Ricci flow 
with surgery by letting this Riemannian manifold at time T evolve under the Ricci 
flow. See Fic. [6] 


5.5. Topological effect of surgery. Looking at the situation just before the 
surgery time, we see a finite number of disjoint submanifolds, each diffeomorphic 
to either S? x I or the 3-ball, where the curvature is large. In addition there may 
be entire components of where the scalar curvature is large. The effect of 2-sphere 
surgery is to do a finite number of ordinary topological surgeries along 2-spheres 
in the S? x I. This simply effects a partial connected-sum decomposition and may 
introduce new components diffeomorphic to S*. We also remove entire components, 
but these are covered by e-necks and e-caps so that they have standard topology 
(each one is diffeomorphic to $*, RP?, RP°?#RP?, S? x S', or the non-orientable 
2-sphere bundle over $+). Also, we remove C-components and ¢-round components 
(each of these is either diffeomorphic to S? or RP® or admits a metric of constant 
positive curvature). Thus, the topological effect of surgery is to do a finite number of 
ordinary 2-sphere topological surgeries and to remove a finite number of topologically 
standard components. 


6. Extending Ricci flows with surgery 


Now we come to the crux of the argument. We must show that if we have a 
Ricci flow with surgery defined for some time 0 < t < T' < o satisfying the four 
conditions: normalized initial metric, curvature pinched toward positive, all points 
of scalar curvature > r~? have canonical neighborhoods, and the flow is K-non- 
collapsed on scales < ¢€; then it is possible to extend to a Ricci flow with surgery 
defined past T to a larger time keeping all these conditions satisfied (possibly with 
different constants rg < ro and &’ < «). In order to do this we need to choose the 
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FIGURE 6. Surgery. 


surgery parameter 6 > 0 sufficiently small. There is also the issue of whether the 
surgery times can accumulate. 

Of course, the initial metric does not change as we extend surgery so that the 
condition that the normalized initial metric is clearly preserved as we extend surgery. 
As we have already remarked, Hamilton had proved earlier that one can do surgery 
in such a way as to preserve the condition that the curvature is pinched toward 
positive. The other two conditions require more work, and, as we indicated above, 
the constants may decay to zero as we extend the Ricci flow with surgery. 

If we have all the conditions for the Ricci flow with surgery up to time T, then 
the analysis of the open subset on which the curvature remains bounded holds, and 
given 5 > 0 sufficiently small, we do surgery on the central S$? of a strong 6-neck 
in each e-horn meeting (,. In addition we remove entirely all components that do 
not contain points of ,. We then glue in the cap from the standard solution. This 
gives us a new compact 3-manifold and we restart the flow from this manifold. 

The «-non-collapsed result is extended to the new part of the Ricci flow with 
surgery using the fact that it holds at times previous to T’. To establish this extension 
one uses £-geodesics in the associated generalized Ricci flow and reduced volume as 
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indicated before. In order to get this argument to work, one must require 6 > 0 to 
be sufficiently small; how small is determined by ro. 

The other thing that we must establish is the existence of canonical neighbor- 
hoods for all points of sufficiently large scalar curvature. Here the argument is by 
contradiction. We consider all Ricci flows with surgery that satisfy all four condi- 
tions on [0,7') and we suppose that we can find a sequence of such containing points 
(automatically at times T’ > T) of arbitrarily large curvature where there are not 
canonical neighborhoods. In fact, we take the points at the first such time violating 
this condition. We base our flows at these points. Now we consider rescaled versions 
of the generalized flows so that the curvature at these base points is rescaled to one. 
We are in a position to apply the bounded curvature and bounded distance results 
to this sequence, and of course the «-non-collapsing results which have already been 
established. There are two possibilities. The first is that the rescaled sequence 
converges to an ancient solution. This ancient solution has non-negative curvature 
by the pinching hypothesis. General results about three-manifolds of non-negative 
curvature imply that it also has bounded curvature. It is «-non-collapsed. Thus, 
in this case the limit is a «-solution. This produces the required canonical neigh- 
borhoods for the base points of the tail of the sequence modeled on the canonical 
neighborhoods of points in a «-solution. This contradicts the assumption that none 
of these points has a canonical neighborhood. 

The other possibility is that one can take a partial smooth limit but that this 
limit does not extend all the way back to —co. The only way this can happen is if 
there are surgery caps that prevent extending the limit back to —oo. This means 
that the base points in our sequence are all within a fixed distance and time (after 
the rescaling) of a surgery region. But in this case results from the nature of the 
standard solution show that if we have taken 6 > 0 sufficiently small, then the base 
points have canonical neighborhoods modeled on the canonical neighborhoods in 
the standard solution, again contradicting our assumption that none of the base 
points has a canonical neighborhood. In order to show that our base points have 
neighborhoods near those of the standard solution, one appeals to a geometric limit 
argument as 6 — 0. This argument uses the uniqueness of the Ricci flow for the 
standard solution. (Actually, Bruce Kleiner pointed out to us that one only needs 
a compactness result for the space of all Ricci flows with the standard metric as 
initial metric, not uniqueness, and the compactness result can be proved by the 
same arguments that prove the compactness of the space of «-solutions.) 

Interestingly enough, in order to establish the uniqueness of the Ricci flow for 
the standard solution, as well as to prove that this flow is defined for time [0, 1) 
and to prove that at infinity it is asymptotic to an evolving cylinder requires the 
same results — non-collapsing and the bounded curvature at bounded distance that 
we invoked above. For this reason, we order the material described here as follows. 
First, we introduce generalized Ricci flows, and then introduce the length function 
in this context and establish the basic monotonicity results. Then we have a chapter 
on stronger results for the length function in the case of complete manifolds with 
bounded curvature. At this point we are in a position to prove the needed results 
about the Ricci flow from the standard solution. Then we are ready to define the 
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surgery process and prove the inductive non-collapsing results and the existence of 
canonical neighborhoods. 

In this way, one establishes the existence of canonical neighborhoods. Hence, one 
can continue to do surgery, producing a Ricci flow with surgery defined for all positive 
time. Since these arguments are inductive, it turns out that the constants in the non- 
collapsing and in the canonical neighborhood statements decay in a predetermined 
rate as time goes to infinity. 

Lastly, there is the issue of ruling out the possibility that the surgery times 
accumulate. The idea here is very simple: Under Ricci flow during an elapsed time 
T, volume increases at most by a multiplicative factor which is a fixed exponential 
of the time 7. Under each surgery there is a removal of at least a fixed positive 
amount of volume depending on the surgery scale h, which in turns depends on 6 
and ro. Since both 6 and rpg are bounded away from zero on each finite interval, 
there can be at most finitely many surgeries in each finite interval. Notice that this 
argument allows for the possibility that in the entire flow all the way to infinity 
there are infinitely many surgeries. It is still unknown whether that possibility ever 
happens. 

This completes our outline of the proof of Theorem 


7. Finite-time extinction 


The last topic we discuss is the proof of the finite-time extinction for Ricci flows 
with initial metrics satisfying the hypothesis of Theorem [0.4] 

As we present it, the finite extinction result has two steps. The first step is to 
show that there is T < oo (depending on the initial metric) such that for all t > T, 
all connected components of the ¢-time-slice M; have trivial m2. First, an easy 
topological argument shows that only finitely many of the 2-sphere surgeries in a 
Ricci flow with surgery can be along homotopically non-trivial 2-spheres. Thus, after 
some time Jo all 2-sphere surgeries are along homotopically trivial 2-spheres. Such 
a surgery does not affect 72. Thus, after time Jo, the only way that 72 can change is 
by removal of components with non-trivial 72. (An examination of the topological 
types of components that are removed shows that there are only two types of such 
components with non-trivial 72: 2-sphere bundles over S! and RP?#RP?.) We 
suppose that at every t > Jo there is a component of M; with non-trivial 72. Then 
we can find a connected open subset ¥Y of t~!([Tp,00)) with the property that for 
each t > To the intersection V(t) = YM M; is a component of M; with non-trivial 
m2. We define a function W2: [Tp,00) — R associated with such an XY. The value 
W(t) is the minimal area of all homotopically non-trivial 2-spheres mapping into 
X(t). This minimal area W(t) is realized by a harmonic map of S$? into V(t). The 
function W 2 varies continuously under Ricci flow and at a surgery is lower semi- 
continuous. Furthermore, using an idea that goes back to Hamilton (who applied 
it to minimal disks) one shows that the forward difference quotient of the minimal 
area satisfies 


dW2(t) 


3 
a <-4n + Will). 


(4t + 1) 
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(Here, the explicit form of the bound for the forward difference quotient depends on 
the way we have chosen to normalize initial metric and also on Hamilton’s curvature 
pinching result.) 

But any function W2(t) with these properties and defined for all t > To, becomes 
negative at some finite JT; (depending on the initial value). This is absurd since 
W2(t) is the minimum of positive quantities. This contradiction shows that such a 
path of components with non-trivial 72 cannot exist for all t > Tp. In fact, it even 
gives a computable upper bound on how long such a component 1, with every time- 
slice having non-trivial 72, can exist in terms of the minimal area of a homotopically 
non-trivial 2-sphere mapping into (TJ). It follows that there is T < oo with the 
property that every component of My has trivial 72. This condition then persists 
for allt > T. 

Three remarks are in order. This argument showing that eventually every compo- 
nent of the time-slice ¢t has trivial 72 is not necessary for the topological application 
(Theorem (0.4), or indeed, for any other topological application. The reason is the 
sphere theorem (see [39]), which says that if 72(M/) is non-trivial then either M 
is diffeomorphic to an S$? bundle over S! or M has a non-trivial connected sum 
decomposition. Thus, we can establish results for all 3-manifolds if we can establish 
them for 3-manifolds with 72 = 0. Secondly, the reason for giving this argument is 
that it is pleasing to see Ricci flow with surgery implementing the connected sum 
decomposition required for geometrization of 3-manifolds. Also, this argument is a 
simpler version of the one that we use to deal with components with non-trivial 73. 
Lastly, these results on Ricci flow do not use the sphere theorem so that establishing 
the cutting into pieces with trivial 72 allows us to give a different proof of this result 
(though admittedly one using much deeper ideas). 

Let us now fix T’ < oo such that for all t > T all the time-slices M; have trivial 79. 
There is a simple topological consequence of this and our assumption on the initial 
manifold. If M is a compact 3-manifold whose fundamental group is either a non- 
trivial free product or an infinite cyclic group, then M admits a homotopically non- 
trivial embedded 2-sphere. Since we began with a manifold Mp whose fundamental 
group is a free product of finite groups and infinite cyclic groups, it follows that 
for t > T every component of M; has finite fundamental group. Fix t > T. Then 
each component of M; has a finite cover that is simply connected, and thus, by an 
elementary argument in algebraic topology, each component of M; has non-trivial 
m3. The second step in the finite-time extinction argument is to use a non-trivial 
element in this group analogously to the way we used homotopically non-trivial 
2-spheres to show that eventually the manifolds have trivial 79. 

There are two approaches to this second step: the first is due to Perelman in 
and the other due to Colding-Minicozzi in [15]. In their approach Colding-Minicozzi 
associate to a non-trivial element in 73(/) a non-trivial element in 7;(Maps($?, M)). 
This element is represented by a one-parameter family of 2-spheres (starting and 
ending at the constant map) representing a non-trivial element € € 73(Mo). They 
define the width of this homotopy class by W(€,t) by associating to each representa- 
tive the maximal energy of the 2-spheres in the family and then minimizing over all 
representatives of the homotopy class. Using results of Jost [42], they show that this 
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function satisfies the same forward difference inequality that W satisfies (and has 
the same continuity property under Ricci flow and the same semi-continuity under 
surgery). Since W(&,t) is always > 0 if it is defined, this forward difference quotient 
inequality implies that the manifolds M; must eventually become empty. 

While this approach seemed completely natural to us, and while we believe that 
it works, we found the technical details daunting (because one is forced to consider 
index-one critical points of the energy functional rather than minima). For this 
reason we chose to follow Perelman’s approach. He represents a non-trivial element 
in 73(M) as a non-trivial element in € € 72(AM, *) where AM is the free loop space 
of M. He then associates to a family [': S$? — AM of homotopically trivial loops an 
invariant W(I) which is the maximum of the areas of minimal spanning disks for 
the loops I'(c) as c ranges over S$”. The invariant of a non-trivial homotopy class € is 
then the infimum over all representatives [ for € of W(I). As before, this function is 
continuous under Ricci flow and is lower semi-continuous under surgery (unless the 
surgery removes the component in question). It also satisfies a forward difference 
quotient 


dW (€) 3 
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The reason for the term —27 instead of —4a which occurs in the other cases is that 
we are working with minimal 2-disks instead of minimal 2-spheres. Once this forward 
difference quotient estimate (and the continuity) have been established the argument 
finishes in the same way as the other cases: a function W with the properties we 
have just established cannot be non-negative for all positive time. This means the 
component in question, and indeed all components at later time derived from it, 
must disappear in finite time. Hence, under the hypothesis on the fundamental 
group in Theorem [0.4] the entire manifold must disappear at finite time. 

Because this approach uses only minima for the energy or area functional, one 
does not have to deal with higher index critical points. But one is forced to face 
other difficulties though — namely boundary issues. Here, one must prescribe the 
deformation of the family of boundary curves before computing the forward differ- 
ence quotient of the energy. The obvious choice is the curve-shrinking flow (see [2]). 
Unfortunately, this flow can only be defined when the curve in question is immersed 
and even in this case the curve-shrinking flow can develop singularities even if the 
Ricci flow does not. Following Perelman, or indeed [2], one uses the device of taking 
the product with a small circle and using loops, called ramps, that go around that 
circle once. In this context the curve-shrinking flow remains regular as long as the 
Ricci flow does. One then projects this flow to a flow of families of 2-spheres in the 
free loop space of the time-slices of the original Ricci flow. Taking the length of 
the circle sufficiently small yields the boundary deformation needed to establish the 
forward difference quotient result. This requires a compactness result which holds 
under local total curvature bounds. This compactness result holds off of a set of 
time of small total measure, which is sufficient for the argument. At the very end 





"Colding and Minicozzi tell us they plan to give an expanded version of their argument with a 
more detailed proof. 
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of the argument we need an elementary but complicated result on annuli, which we 
could not find in the literature. For more details on these points see Chapter [18] 
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CHAPTER 1 


Preliminaries from Riemannian geometry 


In this chapter we will recall some basic facts in Riemannian geometry. For more 
details we refer the reader to and [57]. Throughout, we always adopt Einstein’s 
summation convention on repeated indices and ‘manifold’ means a paracompact, 
Hausdorff, smooth manifold. 


1. Riemannian metrics and the Levi-Civita connection 


Let M be a manifold and let p be a point of M. Then TM denotes the tangent 
bundle of M and 7M is the tangent space at p. Similarly, 7*M denotes the 
cotangent bundle of M and T7M is the cotangent space at p. For any vector bundle 
V over M we denote by I'(V) the vector space of smooth sections of V. 


DEFINITION 1.1. Let M be an n-dimensional manifold. A Riemannian metric 
g on M is a smooth section of T*M ® T*M defining a positive definite symmetric 


bilinear form on T,M for each p € M. In local coordinates (x!,--- ,2"), one has 
a natural local basis {0,,--- ,0,} for TM, where 0; = 4. The metric tensor 


g= onan ® dx) is represented by a smooth matrix-valued function 
G3 = G(0;:, O;). 


The pair (M,g) is a Riemannian manifold. We denote by (g'’) the inverse of the 
matrix (gi;). 


Using a partition of unity one can easily see that any manifold admits a Riemann- 
ian metric. A Riemannian metric on M allows us to measure lengths of smooth paths 
in M and hence to define a distance function by setting d(p, q) equal to the infimum 
of the lengths of smooth paths from p to q. This makes M a metric space. For a 
point p in a Riemannian manifold (MW, g) and for r > 0 we denote the metric ball of 
radius r centered at p in M by B(p,r) or by B,(p,r) if the metric needs specifying 
or emphasizing. It is defined by 


B(p,r) ={q € M| d(p,q) <r}. 


THEOREM 1.2. Given a Riemannian metric g on M, there uniquely exists a 
torsion-free connection on TM making g parallel, i.e., there is a unique R-linear 
mapping V: 1(TM) —1(I*M ®TM) satisfying the Leibniz formula 


V(fX) =df @X+ fVX, 
and the following two additional conditions for all vector fields X and Y: 
e (g orthogonal) d(g(X,Y)) =g9(VX,Y)+ 9(X, VY). 
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e (Torsion-free) VxY —Vy X—|X, Y] = 0 (where, as is customary, we denote 
VY(X) by VxY); 


We call the above connection the Levi-Civita connection of the metric and VX 
the covariant derivative of X. On a Riemannian manifold we always use the Levi- 
Civita connection. 

In local coordinates (',...,2”) the Levi-Civita connection V is given by the 


Va,(0;) = Ty OK; where the Christoffel symbols ry are the smooth functions 
1 
(1.1) = 59) (ign; + O; 9:1 — Agi;)- 


Note that the above two additional conditions for the Levi-Civita connection V 
correspond respectively to 

° ry = M, 

© 9:5 = iV ey + Gl p;- 

The covariant derivative extends to all tensors. In the special case of a function 
f we have V(f) = df. Note that there is a possible confusion between this and the 
notation in the literature since one often sees V f written for the gradient of f, which 
is the vector field dual to df. We always use Vf to mean df, and we will denote the 
gradient of f by (Vf)*, 

The covariant derivative allows us to define the Hessian of a smooth function at 
any point, not just a critical point. Let f be a smooth real-valued function on M. 
We define the Hessian of f, denoted Hess(f), as follows: 


(1.2) Hess(f)(X,Y) = X(Y(f)) — VxY(f). 


LEMMA 1.3. The Hessian is a contravariant, symmetric two-tensor, 1.e., for vec- 
tor fields X and Y we have 


Hess(f)(X, Y) = Hess(f)(Y, X) 
and 


Hess(f)(9X, PY) = opHess(f)(X,Y) 


for all smooth functions ¢,w. Other formulas for the Hessian are 
Hess(f)(X,Y) = (Vx(Vf), ¥) = Vx(Vy(f)) = V7F(X Y). 
Also, in local coordinates we have 
Hess(f)ij = 0:0; f — (Onf TF. 
PROOF. The proof of symmetry is direct from the torsion-free assumption: 
Hess(f)(X, Y) — Hess(f)(Y, X) = [X, Y](f) — (Vx¥ — Vv X)(f) = 0. 
The fact that Hess(f) is a tensor is also established by direct computation. The 
equivalence of the various formulas is also immediate: 
(1.3) Wav) = OV EY) SV EV XY) 
X(Y(f)) — VxY(f) = Hess(f)(X, Y). 
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Since df = (0,f)dx" and V(da*) = —Ti.dx' @ dz’, it follows that 
V(df) = (2.9, f—(O% fr’) dex! ® dex). 
It is direct from the definition that 


Hess(f)ij = Hess(f)(0;,0;) = 0:0; f — (Oxf). 
O 





When the metric that we are using to define the Hessian is not clear from the 
context, we introduce it into the notation and write Hess,(f) to denote the Hessian 
of f with respect to the metric g. 

The Laplacian Af is defined as the trace of the Hessian: That is to say, in local 
coordinates near p we have 


Af (p) = S© g'Hess( f)(0;, 03). 
aj 
Thus, if {X;} is an orthonormal basis for T,M then 
(1.4) Af(p) = )~ Hess(f)(Xi, Xi). 


Notice that this is the form of the Laplacian that is non-negative at a local minimum, 
and consequently has a non-positive spectrum. 
2. Curvature of a Riemannian manifold 


For the rest of this chapter (M,g) is a Riemannian manifold. 


DEFINITION 1.4. The Riemann curvature tensor of M is the (1,3)-tensor on M 
R(X, Y)Z = Vx yZ —-Vi-xZ = VxVyZ—VyVxZ -VixyZ, 

where ViyZ = VxVyZ = VvxyvZ. 

In local coordinates the curvature tensor can be represented as 

R(O;, 0; ) Ox = Rij! ,O, 
where 
Rij’, = OTs, — OT, + e045 = ae 
Using the metric tensor g, we can change F to a (0,4)-tensor as follows: 
R(X,Y,Z,W) = g(R(X,Y)W,2Z). 

(Notice the change of order in the last two variables.) Notice that we use the same 
symbol and the same name for both the (1,3) tensor and the (0,4) tensor; which 
one we are dealing with in a given context is indicated by the index structure or the 
variables to which the tensor is applied. In local coordinates, the Riemann curvature 
tensor can be represented as 


R(O;, O;, Or, Or) = Rijri 
= Geely 
= 9es(AT 5, — OT + TV, — THD Ge)- 
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One can easily verify the following: 
CLAIM 1.5. The Riemann curvature tensor R satisfies the following properties: 
e (Symmetry) Rijkt = —Ryint, Rijet = —Rigjik, Rijet = Revij, 
e (1st Bianchi identity) The sum of Rix over the cyclic permutation of 
any three indices vanishes, 
e (2nd Bianchi identity) Rijrin + Rijink + Rijnk = 0, where 


Rizrin = (Va, R)iget- 
There are many important related curvatures. 
DEFINITION 1.6. The sectional curvature of a 2-plane P C T,M is defined as 
K(P)=ROGY,X,Y), 


where {X,Y} is an orthonormal basis of P. We say that (VM, g) has positive sectional 
curvature (resp., negative sectional curvature) if K(P) > 0 (resp., K(P) < 0) for 
every 2-plane P. There are analogous notions of non-negative and non-positive 
sectional curvature. 


In local coordinates, suppose that X = X‘0; and Y = Y‘0;. Then we have 
K(P) = Rij X*YIX*Y". 


A Riemannian manifold is said to have constant sectional curvature if K(P) is the 
same for all p € M and all 2-planes P C T,M. One can show that a manifold (M, g) 
has constant sectional curvature A if and only if 


Rijkl = A(GikGjl — Jl9jr)- 
Of course, the sphere of radius r in R” has constant sectional curvature 1/r?, R” 


with the Euclidean metric has constant sectional curvature 0, and the hyperbolic 
space Hl”, which, in the Poincaré model, is given by the unit disk with the metric 


A(dx? + --. + da?) 
(1 = |x|”)? 
or in the upper half-space model with coordinates (x!,...,a2”) is given by 
ds? 
(x)? 
has constant sectional curvature —1. In all three cases we denote the constant 
curvature metric by gst. 


d 





DEFINITION 1.7. Using the metric, one can replace the Riemann curvature tensor 
R by asymmetric bilinear form Rm on A?7'M. In local coordinates let y = yO; Ad; 
and w = wkd, A dQ; be local sections of A7T’M. The formula for Rm is 


Rm(y, b) = Rye. 
We call Rm the curvature operator. We say (M,g) has positive curvature operator if 


Rm(y, y) > 0 for any nonzero 2-form y = yO; A 0; and has nonnegative curvature 
operator if Rm(y,y) > 0 for any y € A°TM. 
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Clearly, if the curvature operator is a positive (resp., non-negative) operator then 
the manifold is positively (resp., non-negatively) curved. 


DEFINITION 1.8. The Ricci curvature tensor, denoted Ric or Ric, when it is 
necessary to specify the metric, is a symmetric contravariant two-tensor. In local 
coordinates it is defined by 

Ric(X, Y) = g* R(X, Og, Y,O). 
The value of this tensor at a point p € M is given by )>;"., R(X(p),e:, Y(p), e:) 
where {e1,--* ,€n} is an orthonormal basis of T,M. Clearly Ric is a symmetric 
bilinear form on TM, given in local coordinates by 
Ric = Ric;jdx" ® dx? , 
where Ric;; = Ric(0;,0;). The scalar curvature is defined by: 
R= R, = trgRic = g Ric;;. 
We will say that Ric > k (or < k) if all the eigenvalues of Ric are > k (or < k). 


Clearly, the curvatures are natural in the sense that if FF: N — M is a dif- 
feomorphism and if g is a Riemannian metric on M, then F*g is a Riemannian 
metric on N and we have Rm(F*g) = F*(Rm(qg)), Ric(F*g) = F*(Ric(g)), and 
R(F*g) = F*(R(g)). 


2.1. Consequences of the Bianchi identities. There is one consequence of 
the second Bianchi identity that will be important later. For any contravariant 
two-tensor w on M (such as Ric or Hess(f)) we define the contravariant one-tensor 
div(w) as follows: For any vector field X we set 


div(w)(X) = V*w(X) = g"°V,(w)(X, Os). 
LEMMA 1.9. 
dR = 2div(Ric) = 2V*Ric. 


For a proof see Proposition 6 of Chapter 2 on page 40 of [57]. 

We shall also need a formula relating the connection Laplacian on contravariant 
one-tensors with the Ricci curvature. Recall that for a smooth function f, we defined 
the symmetric two-tensor V?f by 


V*f(X,Y) = VxVy(f) — Vox) (f) = Hess(f)(X, Y), 
and then defined the Laplacian 
DFSaV Fae he 
These operators extend to tensors of any rank. Suppose that w is a contravariant 
tensor of rank k. Then we define V2w to be a contravariant tensor of rank k + 2 
given by 
V7w(-, X,Y) = (VxVyw)(-) — Vex(vyyw(:): 

This expression is not symmetric in the vector fields X,Y but the commutator is 


given by evaluating the curvature operator R(X, Y) on w. We define the connection 
Laplacian on the tensor w to be 


Aw = J! V7 (w)(d;, 0;). 
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Direct computation gives the standard Bochner formula relating these Laplacians 
with the Ricci curvature; see for example Proposition 4.36 on page 168 of [22]. 


LEMMA 1.10. Let f be a smooth function on a Riemannian manifold. Then we 
have the following formula for contravariant one-tensors: 


Adf = dAf + Ric((Vf)*,-). 


2.2. First examples. The most homogeneous Riemannian manifolds are those 
of constant sectional curvature. These are easy to classify; see Corollary 10 of 
Chapter 5 on page 147 of [57]. 


THEOREM 1.11. (Uniformization Theorem) [f (M",g) is a complete, simply- 
connected Riemannian manifold of constant sectional curvature X, then: 


(1) [fA =0, then M” is isometric to Euclidean n-space. 

(2) If \ > 0 there is a diffeomorphism ¢: M — S” such that g = \~'d* (gst) 
where gst is the usual metric on the unit sphere in R"*". 

(3) If\ <0 there is a diffeomorphism ¢: M — H” such that g = |\\~* o* (gst) 
where gst 1s the Poincaré metric of constant curvature —1 on H”. 


Of course, if (/",g) is a complete manifold of constant sectional curvature then 
its universal covering satisfies the hypothesis of the theorem and hence is one of 
S”,R”, or H”, up to a constant scale factor. This implies that (M,g) is isometric 
to a quotient of one of these simply connected spaces of constant curvature by the 
free action of a discrete group of isometries. Such a Riemannian manifold is called 
a space-form. 


DEFINITION 1.12. The Riemannian manifold (M,g) is said to be an Einstein 
manifold with Einstein constant » if Ric(g) = Ag. 


EXAMPLE 1.13. Let M be an n-dimensional manifold with n being either 2 or 
3. If (,g) is Einstein with Einstein constant \, one can easily show that M has 


constant sectional curvature A, so that in fact M is a space-form. 


2.3. Cones. Another class of examples that will play an important role in our 
study of the Ricci flow is that of cones. 


DEFINITION 1.14. Let (V,g) be a Riemannian manifold. We define the open cone 
over (N,g) to be the manifold N x (0,00) with the metric g defined as follows: For 
any (xz,s) € N x (0,00) we have 


G(x, 8) = s°g(a) + ds”. 


Fix local coordinates (a!,...,2”) on N. Let ee 1<1,9,k <n, be the Christoffel 
symbols for the Levi-Civita connection on N. Set 2° = s. In the local coordinates 
(x°,a!,...,a”) for the cone we have the Christoffel symbols Te; 0<i,j,k <n, for 
g- The relation between the metrics gives the following relations between the two 
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sets of Christoffel symbols: 


= Te beageen 

ine = -—sgj; lstjgsn 
= THs: regen 
Tr = 0; O<i<n 

Ti) = 0; O<i<n. 


Denote by R, the curvature tensor for g and by Rg the curvature tensor for g. 
Then the above formulas lead directly to: 


Ry(O;, O;) (Oo) = 0; OSstjgecn 
Rg (0;, 0;)(O;) Rg(O;,9;)(O:) + 940; — 970;; IS<ig<n 


This allows us to compute the Riemann curvatures of the cone in terms of those 
of N. 


PROPOSITION 1.15. Let N be a Riemannian manifold of dimension n—1. Fix 
(2,8) €c(N) = N x (0,00). With respect to the coordinates (x°,...,a”) the curva- 
ture operator Rmg(p,s) of the cone decomposes as 


0 0 
(2,00 — A?q(p)) i) 
where \*g(p) is the symmetric form on A?T,.N induced by g. 


COROLLARY 1.16. For any p € N let \1,...,A(n—1)(n—2)/2 be the eigenvalues of 
Rm,(p). Then for any s > 0 there are (n—1) zero eigenvalues of Rmj(p,s). The 
other (n — 1)(n — 2)/2 eigenvalues of Rmj(p,s) are s~*(; — 1). 


PROOF. Clearly from Proposition [1.15] we see that under the orthogonal de- 
composition ain sc(N) = \?T,N © T,N the second subspace is contained in the 
null space of Rmg(p,s), and hence contributes (n — 1) zero eigenvalues. Likewise, 
from this proposition we see that the eigenvalues of the restriction of Rm (p, s) to 
the subspace A?T;,N are given by s~*(s?(A; — 1)) = s~?(A; — 1). O 





3. Geodesics and the exponential map 


Here we review standard material about geodesics, Jacobi fields, and the expo- 
nential map. 


3.1. Geodesics and the energy functional. 


DEFINITION 1.17. Let J be an open interval. A smooth curve y: I — M is called 
a geodesic if Vi7y = 0. 


In local coordinates, we write y(t) = (x'(t),...,a”(t)) and this equation becomes 


0= Vyi(t) = (= (#@ + 8H (OTF) a , 


k 
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This is a system of 2”¢ order ODE’s. The local existence, uniqueness and smoothness 
of a geodesic through any point p € M with initial velocity vector v ¢ TM follow 
from the classical ODE theory. Given any two points in a complete manifold, a 
standard limiting argument shows that there is a rectifiable curve of minimal length 
between these points. Any such curve is a geodesic. We call geodesics that minimize 
the length between their endpoints minimizing geodesics. 

We have the classical theorem showing that on a complete manifold all geodesics 
are defined for all time (see Theorem 16 of Chapter 5 on p. 137 of [57]). 


THEOREM 1.18. (Hopf-Rinow) If (M,g) is complete as a metric space, then every 
geodesic extends to a geodesic defined for all time. 


Geodesics are critical points of the energy functional. Let (M,g) be a complete 
Riemannian manifold. Consider the space of C'-paths in M parameterized by the 
unit interval. On this space we have the energy functional 


Suppose that we have a one-parameter family of paths parameterized by [0,1], all 
having the same initial point p and the same final point g. By this we mean that 
we have a surface 7(t,u) with the property that for each u the path jy, = ¥(-,u) is 
a path from p to q parameterized by [0,1]. Let X= Oy/Ot and Y= Oy /Ou be the 
corresponding vector fields along the surface swept out by 7, and denote by X and 
Y the restriction of these vector fields along yp. We compute 


dE (Yu) — ([ we, Hat) =6 


du 
(f wa¥, Rat) hu 


-( [5% Prat) ao =— fl vxxXY), 


where the first equality in the last line comes from integration by parts and the fact 
that Y vanishes at the endpoints. Given any vector field Y along yo there is a one- 
parameter family 7(t, u) of paths from p to q with 7(t,0) = yo and with Y(t,0) = Y. 
Thus, from the above expression we see that yo is a critical point for the energy 
functional on the space of paths from p to q parameterized by the interval [0, 1] if 
and only if yo is a geodesic. 

Notice that it follows immediately from the geodesic equation that the length of 
a tangent vector along a geodesic is constant. Thus, if a geodesic is parameterized 
by [0,1] we have 








Bly) = 5)? 


It is immediate from the Cauchy-Schwarz inequality that for any curve  parame- 
terized by [0,1] we have 


E(u) > SL)? 
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with equality if and only if |y’| is constant. In particular, a curve parameterized 
by [0,1] minimizes distance between its endpoints if it is a minimum for the energy 
functional on all paths parameterized by [0,1] with the given endpoints. 


3.2. Families of geodesics and Jacobi fields. Consider a family of geodesics 
Y(u,t) = yu(t) parameterized by the interval [0,1] with 7,(0) = p for all u. Here, 
unlike the discussion above, we allow 7,,(1) to vary with u. As before define vector 
fields along the surface swept out by 7: X= Oy /Ot and let Y= O7/Ou. We denote 
by X and Y the restriction of these vector fields to the geodesic yo = y. Since each 
Yu is a geodesic, we have V¢X = 0. Differentiating this equation in the Y-direction 
yields VV Xk = 0. Interchanging the order of differentiation, using V x¥ = Vex ; 
and then restricting to y, we get the Jacobi equation: 


VxVxY+R(Y,X)X =0. 


Notice that the left-hand side of the equation depends only on the value of Y along ¥, 
not on the entire family. We denote the left-hand side of this equation by rmJac(Y ), 
so that the Jacobi equation now reads 


rmJac(Y) = 0. 


The fact that all the geodesics begin at the same point at time 0 means that Y (0) = 0. 
A vector field Y along a geodesic y is said to be a Jacobi field if it satisfies this 
equation and vanishes at the initial point p. A Jacobi field is determined by its 
first derivative at p, i.e, by VxY(0). We have just seen that this is the equation 
describing, to first order, variations of y by a family of geodesics with the same 
starting point. 

Jacobi fields are also determined by the energy functional. Consider the space of 
paths parameterized by [0,1] starting at a given point p but free to end anywhere in 
the manifold. Let 7 be a geodesic (parameterized by [0,1]) from p to g. Associated 
to any one-parameter family ¥(t, u) of paths parameterized by [0,1] starting at p we 
associate the second derivative of the energy at u = 0. Straightforward computation 
gives 

PE (qu) oe E 

FE | ng = (Vx¥ YD) + (X(), VF) — fl (rmiact),¥)at 

Notice that the first term is a boundary term from the integration by parts, and 
it depends not just on the value of Y (i.e., on Y restricted to 7) but also on the 
first-order variation of Y in the Y direction. There is the associated bilinear form 
that comes from two-parameter families Y(t, ui, u2) whose value at uy = u, = 0 is 
y. It is 

CE 
du,dug u1=u2=0 





= (Vx¥i (1), Yo) + (XC), Vx Fa(1,0))— f " (rmIac(¥i), Yo)dt. 


Notice that restricting to the space of vector fields that vanish at both endpoints, 
the second derivatives depend only on Y; and Y2 and the formula is 
@E 


1 
= = y; y. t 
du; dug !ui=u2=0 | (rmJact 1)s 2)dt, 
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so that this expression is symmetric in Y; and Yj. The associated quadratic form 
on the space of vector fields along y vanishing at both endpoints 


- i (rmJac(Y ), Y)dt 
0 


is the second derivative of the energy function at y for any one-parameter family 
whose value at 0 is y and whose first variation is given by Y. 


3.3. Minimal geodesics. 


DEFINITION 1.19. Let y be a geodesic beginning at p € M. For any t > 0 we say 
that gq = 7(t) is a conjugate point along y if there is a non-zero Jacobi field along y 
vanishing at 7(t). 


PROPOSITION 1.20. Suppose that y: [0,1] + M is a minimal geodesic. Then for 
any t < 1 the restriction of y to [0,t] is the unique minimal geodesic between its 
endpoints and there are no conjugate points on y([0,1)), i.e., there is no non-zero 
Jacobi field along y vanishing at any t € [0,1). 


We shall sketch the proof. For more details see Proposition 19 and Lemma 14 of 
Chapter 5 on pp. 139 and 140 of [57]. 


Proor. (Sketch) Fix 0 < to < 1. Suppose that there were a different geodesic 
i: [0, to] + M from (0) to 7(to), whose length was at most that of 7/|jo,49}- The fact 
that ys and ¥\jo,49} are distinct means that p'(to) # 7/(to). Then the curve formed 
by concatenating js with ¥|j4,1) is a curve from 7(0) to y(1) whose length is at most 
that of y. But this concatenated curve is not smooth at ju(to), and hence it is not a 
geodesic, and in particular there is a curve with shorter length (a minimal geodesic) 
between these points. This is contrary to our assumption that 7~ was minimal. 

To establish that there are no conjugate points at y(to) for to < 1 we need the 
following claim. 


CLAIM 1.21. Suppose that y is a minimal geodesic and Y is a field vanishing at 
both endpoints. Let 7(t,u) be any one-parameter family of curves parameterized by 
(0, 1], with yo = y and with y(0) = yo(0) for all u. Suppose that the first-order 
variation of ¥ at u=0 is given by Y. Then 

E(u) i; 
du? u=0 7 
if and only if Y is a Jacobi field. 


PROOF. Suppose that 7(u,t) is a one-parameter family of curves from 7(0) to 
(1) with yo = y and Y is the first-order variation of this family along y. Since ¥ is 
a minimal geodesic we have 


PE (Wu) 


1 
=] (rmJac(Y), Y)dt = Az lee 


The associated symmetric bilinear form is 


By(¥1, Y2) = — | (rmacts), Yat 
‘i 
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is symmetric when Y; and Y2 are constrained to vanish at both endpoints. Since 
the associated quadratic form is non-negative, we see by the usual argument for 
symmetric bilinear forms that B,(Y,Y) = 0 if and only if B,(Y,-) = 0 as a linear 
functional on the space of vector fields along y vanishing at point endpoints. This 
of course occurs if and only if rmJac(Y) = 0. O 





Now let us use this claim to show that there are no conjugate points on Yo,1)- If 
for some to < 1, 7(to) is a conjugate point along 7, then there is a non-zero Jacobi 
field Y(t) along y with Y (to) = 0. Notice that since Y is non-trivial Vx Y (to) 4 0. 
Extend Y(t) to a vector field Y along all of 7 by setting it equal to 0 on Vfto,1]- 
Since the restriction of Y to >((0,to]) is a Jacobi field vanishing at both ends and 
since ¥|j0,t9] is a minimal geodesic, the second-order variation of length of 7|jo,4,) in 
the Y-direction is zero. It follows that the second-order variation of length along Y 
vanishes. But Y is not smooth (at 7(to)) and hence it is not a Jacobi field along 
y. This contradicts the fact discussed in the previous paragraph that for minimal 
geodesics the null space of the quadratic form is exactly the space of Jacobi fields. O 





3.4. The exponential mapping. 


DEFINITION 1.22. For any p € M, we can define the exponential map at p, expp. 
It is defined on an open neighborhood O, of the origin in TM and is defined by 
exp,(v) = Yw(1), the endpoint of the unique geodesic 7: [0,1] — M starting from p 
with initial velocity vector v. We always take O, C T,M to be the maximal domain 
on which exp,, is defined, so that Op, is a star-shaped open neighborhood of 0 € T,M. 
By the Hopf-Rinow Theorem, if M is complete, then the exponential map is define 
on all of 7,M. 


By the inverse function theorem there exists ro = ro(p,M) > 0, such that 
the restriction of exp, to the ball By7,.7(0,r0) in T,M is a diffeomorphism onto 
B,(p, ro). Fix g-orthonormal linear coordinates on T,M. Transferring these coordi- 
nates via exp, to coordinates on B (p,ro) gives us Gaussian normal coordinates on 
B(p,ro) C M. 

Suppose now that M is complete, and fix a point p € M. For every q € M, there 
is a length-minimizing path from p to gq. When parameterized at constant speed 
equal to its length, this path is a geodesic with domain interval [0, 1]. Consequently, 
exp,: T,>M — M is onto. The differential of the exponential mapping is given by 
Jacobi fields: Let y: [0,1] + M bea geodesic from p to q, and let X € T,M be 7(0). 
Then the exponential mapping at p is a smooth map from T,(/) — M sending X to 
q. Fix Z € T,M. Then there is a unique Jacobi field Yz along y with Vx Yz(0) = Z. 
The association Z ++ Yz(1) € TM is a linear map from T,(M) — T,M. Under the 
natural identification of T,M with the tangent plane to TM at the point Z, this 
linear mapping is the differential of exp,: T,M — M at the point X € T,M. 


COROLLARY 1.23. Suppose that y is a minimal geodesic parameterized by (0, 1] 
starting at p. Let X(0) = 7/(0) € T,M. Then for each to < 1 the restriction >| Io,19} 
is a minimal geodesic and exp,: T,M — M is a local diffeomorphism near toX (0). 


PROOF. Of course, exp,(toX (0)) = y(to). According to the previous discussion, 
the kernel of the differential of the exponential mapping at toX (0) is identified with 
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the space of Jacobi fields along y vanishing at 7(to). According to Proposition [1.20 
the only such Jacobi field is the trivial one. Hence, the differential of exp, at toX (0) 
is an isomorphism, completing the proof. O 





DEFINITION 1.24. There is an open neighborhood U, C T,M of 0 consisting of 
all v € T,M for which: (i) y is the unique minimal geodesic from p to 7(1), and 
(ii) exp, is a local diffeomorphism at v. We set C, C M equal to M \ exp,(Up). 
Then C, is called the cut locus from p. It is a closed subset of measure 0. 


It follows from Corollary [.23]that U C T,M is a star-shaped open neighborhood 
of 0€ T,M. 


PROPOSITION 1.25. The map 
exp,: Up > M\Cp 
is a diffeomorphism. 
For a proof see p. 139 of [57]. 


DEFINITION 1.26. The injectivity radius inj,;(p) of M at p is the supremum of 
the r > 0 for which the restriction of exp,: T,M — M to the ball B(0,r) of radius 
r in T,M is a diffeomorphism into M. Clearly, inj,,(p) is the distance in T,M from 
0 to the frontier of U,. It is also the distance in M from p to the cut locus Cp. 


Suppose that inj,;(p) = r. There are two possibilities: Either there is a broken, 
closed geodesic through p, broken only at p, of length 2r, or there is a geodesic y of 
length r emanating from p whose endpoint is a conjugate point along y. The first 
case happens when the exponential mapping is not one-to-one of the closed ball of 
radius r in TM, and the second happens when there is a tangent vector in TM of 
length r at which exp, is not a local diffeomorphism. 


4. Computations in Gaussian normal coordinates 


In this section we compute the metric and the Laplacian (on functions) in lo- 
cal Gaussian coordinates. A direct computation shows that in Gaussian normal 
coordinates on a metric ball about p € M the metric takes the form 


1 1 
(1.5) Gz) = de> 3 Ringe + 5 Pin shai * 


+(S— Rants + = d, RirimRjstm)x*2'x°at + O(r°), 
where r is the distance from p. (See, for example Proposition 3.1 on page 41 of [60], 
with the understanding that, with the conventions there, the quantity Rjj;,) there 
differs by sign from ours.) 

Let y be a geodesic in M emanating from p in the direction v. Choose local 
coordinates 61,...,0"~! on the unit sphere in T,M in a neighborhood of v/|v}. 
Then (r,0',...,9"~') are local coordinates at any point of the ray emanating from 
the origin in the v direction (except at p). Transferring these via exp, produces local 
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coordinates (r,01,...,0”~+) along y. Using Gauss’s lemma (Lemma 12 of Chapter 5 
on p. 133 of [57]), we can write the metric locally as 


g = dr? + r7hi;(r, 0)d0' @ ds. 
Then the volume form 


dV = ,/det(g;;)dr \ d0' A--- A de" 


=r", /det(hij)dr A db! A--» A d0"—". 


LEMMA 1.27. The Laplacian operator acting on scalar functions on M is given 
in local coordinates by 


1 iy ; 
i= VG (s //det(9) 0; ) : 


PROOF. Let us compute the derivative at a point p. We have 


1 : 7 7 1 a2 e 
521 (9° Vaet(a)a;) f= G1 O0;f + Og" jf + 59 OTOL, 


\/det(g 


where g = g(p)~‘g. On the other hand from the definition of the Laplacian, Equa- 
tion (1.4), and Equation (1.3) we have 


Af = g') Hess(f)(;, 0;) = g? (0;0;(f) _ Va,0;f) = 91 0:0; f = G TE Ogf. 
Thus, to prove the claim it suffices to show that 
g! TE, = —(A,9"* + sai" (249). 
From the definition of the Christoffel symbols we have 
GTi, = 5a" (Orgs + Oj git — A1Gi;)- 


Of course, g Ogi =— 9” G51, so that gg Oiggt = —0;g'". It follows by symmetry 
that g’! g'0; gi = —O;g'*. The last term is clearly —$ g* Tr(0;g). 0 





Using Gaussian local coordinates near p, we have 


oe ye (v1 /det(h)) 
ee + 0, log ( det(h)) : 


r 





From this one computes directly that 


n—-1 


Ar = 





= ope 2 
z 3 Ric(v, v) + O(r*), 


where v = 7(0), cf, p.265-268 of [57]. So 


—1 
ose = when r<1 and Ric > 0. 
r 


This local computation has the following global analogue. 
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EXERCISE 1.28. (E.Calabi, 1958) Let f(x) = d(p,ax) be the distance function 
from p. If (M,g) has Ric > 0, then 


n—-1 


f 





Af< 
in the sense of distributions. 


[Compare [57], p. 284 Lemma 42]. 


REMARK 1.29. The statement that Af < at in the sense of distributions (or 
equivalently in the weak sense) means that for any non-negative test function ¢, 
that is to say for any compactly supported C'°-function ¢, we have 


n—-1 
[, fAddvol < [, (=) odvol. 


Since the triangle inequality implies that | f(x) — f(y)| < d(a,y), it follows that f 
is Lipschitz, and hence that the restriction of Vf to any compact subset of M is an 
L? one-form. Integration by parts then shows that 


| fAd¢dvol = -{ (Vf, V¢)dvol. 
M M 


Since |Vf| = 1 and Af is the mean curvature of the geodesic sphere 0B(z,r), 
Ric(v,v) measures the difference of the mean curvature between the standard Eu- 
clidean sphere and the geodesic sphere in the direction v. Another important geo- 
metric object is the shape operator associated to f, denoted S. By definition it is 
the Hessian of f; i.c., S = V?f = Hess(f). 


5. Basic curvature comparison results 


In this section we will recall some of the basic curvature comparison results in 
Riemannian geometry. The reader can refer to [57], Section 1 of Chapter 9 for 
details. 


We fix a point p € M. For any real number k > 0 let H; denote the simply 
connected, complete Riemannian n-manifold of constant sectional curvature —k. 
Fix a point q, € Hj’, and consider the exponential map exp,, : Ty,(Hj!) ~ HZ. This 


map is a global diffeomorphism. Let us consider the pullback, Tig: of the Riemannian 
metric on H;’ to Ty, H;’. A formula for this tensor is easily given in polar coordinates 
on Ty, (H;) in terms of the following function. 


DEFINITION 1.30. We define a function sn; as follows: 
if if k=0 
ae) = tan) it &> 0. 
The function sn;,(r) is the solution to the equation 
ye” — ke = 0, 
(0) = 0, 
y'(0) = 1. 
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We define ctx, (r) = es y: 
snz(r 


Now we can compare manifolds of varying sectional curvature with those of con- 
stant curvature. 





THEOREM 1.31. (Sectional Curvature Comparison) Fix k > 0. Let (M,g) be a 
Riemannian manifold with the property that —k < K(P) for every 2-plane P in 
TM. Fix a minimizing geodesic y: [0,r0) — M parameterized at unit speed with 
7(0) = p. Impose Gaussian polar coordinates (r,6',...,0"~+) on a neighborhood of 
7 so that g = dr? + 9;;0' ® 09. Then for all0 <r < ro we have 


(943(7,®))i<ij<n—1 S sn? (r), 
and the shape operator associated to the distance function from p, f, satisfies 
(Si; (7, 9))1<i,j<n—1 < Vket,(r). 


There is also an analogous result for a positive upper bound to the sectional 
curvature, but in fact all we shall need is the local diffeomorphism property of the 
exponential mapping. 


LEMMA 1.32. Fir K > 0. If |Rm(a)| < K for all x € B(p,x/VK), then exp, is 


a local diffeomorphism from the ball B(0,7/VK) in T,M to the ball B(p,/VK) in 
M. 


There is a crucial comparison result for volume which involves the Ricci curvature. 


THEOREM 1.33. (Ricci curvature comparison) Fixk > 0. Assume that (M,q) 
satisfies Ric > —(n—1)k. Let y: (0,79) + M be a minimal geodesic of unit speed. 
Then for any r < ro at y(r) we have 

det g(r, 0) < sn? !(r) 
and : 
Tr(S)(r,8) < (n— 1) Sa”), 
snz(r) 
Note that the inequality in Remark follows from this theorem. 
The comparison result in Theorem holds out to every radius, a fact that will 


be used repeatedly in our arguments. This result evolved over the period 1964-1980 
and now is referred to as the Bishop-Gromov inequality; see Proposition 4.1 of [11] 





THEOREM 1.34. (Relative Volume Comparison, Bishop-Gromov 1964-1980) Sup- 
pose (M,g) is a Riemannian manifold. Fix a point p € M, and suppose that B(p, R) 
has compact closure in M. Suppose that for some k > 0 we have Ric > —(n — 1)k 
on B(p,R). Recall that Hf is the simply connected, complete manifold of constant 
curvature —k and q, € Hj is a point. Then 


Vol B(p,r) 
Vol Bur Bak, r) 
is a non-increasing function of r forr < R, whose limit as r — 0 is 1. In particular, 


if the Ricci curvature of (M,g) is > 0 on B(p,R), then Vol B(p,r)/r” is a non- 
increasing function of r forr < R. 
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6. Local volume and the injectivity radius 


As the following results show, in the presence of bounded curvature the volume 
of a ball B(p,r) in M is bounded away from zero if and only if the injectivity radius 
of M at p is bounded away from zero. 


PROPOSITION 1.35. Fix an integer n > 0. For every « > 0 there is 6 > 0 
depending on n and € such that the following holds. Suppose that (M",g) is a 
complete Riemannian manifold of dimension n and that p © M. Suppose that 
|Rm(x)| < r-? for all x € B(p,r). If the injectivity radius of M at p is at least 
er, then Vol(B(p,r)) > or”. 


PROOF. Suppose that |Rm(zx)| < r~? for all x € B(p,r). Replacing g by r?g 
allows us to assume that r = 1. Without loss of generality we can assume that 
€ <1. The map exp, is a diffeomorphism on the ball B(0,¢) in the tangent space, 
and by Theorem [1.31] the volume of B(p,¢) is at least that of the ball of radius € in 
the n-sphere of radius 1. This gives a lower bound to the volume of B(p,¢), and a 
fortiori to B(p,1), in terms of n and e. O 





We shall normally work with volume, which behaves nicely under Ricci flow, but 
in order to take limits we need to bound the injectivity radius away from zero. Thus, 
the more important, indeed crucial, result for our purposes is the converse to the 
previous proposition; see Theorem 4.3, especially Inequality (4.22), on page 46 of 
[11], or see Theorem 5.8 on page 96 of [7]. 


THEOREM 1.36. Fix an integer n > 0. For every € > 0 there is 6 > 0 depending 
on n and € such that the following holds. Suppose that (M",g) is a complete Rie- 
mannian manifold of dimension n and that p€ M. Suppose that |Rm(x)| < r~? for 
alla € B(p,r). If Vol(B(p,r)) > er” then the injectivity radius of M at p is at least 
or. 


CHAPTER 2 


Manifolds of non-negative curvature 


In studying singularity development in 3-dimensional Ricci flows one forms blow- 
up limits. By this we mean the following. One considers a sequence of points x, in 
the flow converging to the singularity. It will be the case that R(x;,) tends to oo as k 
tends to co. We form a sequence of based Riemannian manifolds labeled by k, where 
the k” Riemannian manifold is obtained by taking the time-slice of xz, rescaling its 
metric by R(x,), and then taking x; as the base point. This creates a sequence with 
the property that for each member of the sequence the scalar curvature at the base 
point is one. Because of a pinching result of Hamilton’s (see Chapter [4], if there 
is a geometric limit of this sequence, or of any subsequence of it, then that limit 
is non-negatively curved. Hence, it is important to understand the basic properties 
of Riemannian manifolds of non-negative curvature in order to study singularity 
development. In this chapter we review the properties that we shall need. We 
suppose that M is non-compact and of positive (resp., non-negative) curvature. 
The key to understanding these manifolds is the Busemann function associated to a 
minimizing geodesic ray. 


1. Busemann functions 


A geodesic ray A: [0,co) > M is said to be minimizing if the restriction of 
to every compact subinterval of [0,00) is a length-minimizing geodesic arc, i.e., a 
geodesic arc whose length is equal to the distance between its endpoints. Likewise, 
a geodesic line \: (—oo, co) > M is said to be minimizing if its restriction to every 
compact sub-interval of R is a length minimizing geodesic arc. 

Clearly, if a sequence of minimizing geodesic arcs A, converges to a geodesic 
arc, then the limiting geodesic arc is also minimizing. More generally, if A, is a 
sequence of length minimizing geodesic arcs whose initial points converge and whose 
lengths go to infinity, then, after passing to a subsequence, there is a limit which is a 
minimizing geodesic ray. (The existence of a limit of a subsequence is a consequence 
of the fact that a geodesic ray is determined by its initial point and its initial tangent 
direction.) Similarly, if Jj, is an sequence of compact intervals with the property that 
every compact subset of R is contained in J; for all sufficiently large k, if for each k 
the map Ax: I, > M is a minimizing geodesic arc, and if limg_...Ax(0) exists, then, 
after passing to a subsequence there is a limit which is a minimizing geodesic line. 
Using these facts one establishes the following elementary lemma. 


LEMMA 2.1. Suppose that M is a complete, connected, non-compact Riemann- 
ian manifold and let p be a point of M. Then M has a minimizing geodesic ray 
emanating from p. If M has more than one end, then it has a minimizing line. 
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DEFINITION 2.2. Suppose that : [0,00) > M is a minimizing geodesic ray with 
initial point p. For each t > 0 we consider By ;(x) = d(A(t), x) — t. This is a family 
of functions satisfying |B) 4(7) —_By+(y)| < d(x, y). Since A is a minimizing geodesic, 
Byi(p) = 0 for all t. It follows that By (x) > —d(«,p) for all 2 € M. Thus, the 
family of functions 6); is pointwise bounded below. The triangle inequality shows 
that for each x € M the function B) (a) is a non-increasing function of t. It follows 
that, for each « € M, limy..By +(x) exists. We denote this limit by B)(x). This is 
the Busemann function for X. 


Clearly, B)(x) > —d(x,X(0)). By equicontinuity B)(x) is a continuous function 
of x and in fact a Lipschitz function satisfying |B)(#) — By(y)| < d(x,y) for all 
x,y € X. Clearly B)(A(s)) = —s for all s > 0. Since By is Lipschitz, VB) is 
well-defined as an L?-vector field. 


PROPOSITION 2.3. Suppose that M is complete and of non-negative Ricci curva- 
ture. Then, for any minimizing geodesic ray A, the Busemann function By satisfies 
AB) <0 in the weak sense. 


Proor. First notice that since By is Lipschitz, VB, is an L?-vector field on M. 
That is to say, By € Ww", ie., By locally has one derivative in L?. Hence, there is 
a sequence of C™-functions f, converging to By in Wee. Let vy be a test function 
(i.e., a compactly supported C™-function). Integrating by parts yields 


-{ (Vin, Veldvol = f fnAgdvol. 
M M 


Using the fact that f, converges to By in Wie and taking limits yields 


-{ (VB, Vehdvol = | B)Avdvol. 
M M 


Thus, to prove the proposition we need only show that if y is a non-negative test 
function, then 


-{ (V By, Vy)dvol < 0. 
M 


For a proof of this see Proposition 1.1 and its proof on pp. 7 and 8 in [61]. O 





2. Comparison results in non-negative curvature 


Let us review some elementary comparison results for manifolds of non-negative 
curvature. These form the basis for Toponogov theory, [70]. For any pair of points 
x,y in a complete Riemannian manifold s,, denotes a minimizing geodesic from 
x to y. We set |szy| = d(x,y) and call it the length of the side. A triangle in a 
Riemannian manifold consists of three vertices a,b,c and three sides Sqp,Sac,5bc. We 
denote by Z, the angle of the triangle at a, i.e., the angle at a between the geodesic 
rays Sqy and Sqc. 


THEOREM 2.4. (Length comparison) Let (M,g) be a manifold of non-negative 
curvature. Suppose that A(a,b,c) is a triangle in M and let A(a’',b',c) be a Eu- 
clidean triangle. 
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(1) Suppose that the corresponding sides of A(a,b,c) and A(a’',v’,c) have the 
same lengths. Then the angle at each verter of the Euclidean triangle is 
no larger than the corresponding angle of A(a,b,c). Furthermore, for any 
a and 3 less than |sqp| and |Sac| respectively, let x, resp. x’, be the point 
On Sap, TeSP. Say, at distance a from a, resp. a’, and let y, resp. y’, 
be the point on Sac, Tesp. Sac’, at distance B from a, resp. a’. Then 
U(x,y) 2 d(x',y'). 

(2) Suppose that |sqp| = |Svy|, that |Sac| = |Sac| and that Z4 = Zq. Then 
| Sore’| = |Sbe|- 


See FIG. For a proof of this result see Theorem 4.2 on page 161 of [60], or 
Theorem 2.2 on page 42 of [7]. 


R2 





d(x,y) 2 d(x’, y') and L bac = Lola'c! 
FIGURE 1. Toponogov comparison. 


One corollary is a monotonicity result. Suppose that A(a,b,c) is a triangle in 
a complete manifold of non-negative curvature. Define a function EA(u,v) defined 
for 0 <u < |sp| and 0 < v < |sq-| as follows. For u and v in the indicated ranges, 
let x(u) be the point on sg, at distance u from a and let y(v) be the point of sac at 
distance v from a. Let EA(u,v) be the angle at a’ of the Euclidean triangle with 
side lengths |say| = u, |Sa’e’| = v and |sye"| = d(x(u), y(v)). 


COROLLARY 2.5. Under the assumptions of the previous theorem, EA(u,v) is a 


monotone non-increasing function of each variable u and v when the other variable 
is held fixed. 
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Suppose that a, 3, are three geodesics emanating from a point p in a Riemannian 
manifold. Let Zp(a, 3), Zp(G,7) and Zp(a,y) be the angles of these geodesics at p 
as measured by the Riemannian metric. Then of course 


Lp(a, B) + Zp(B, 7) + Lp(a, 7) < 20 


since this inequality holds for the angles between straight lines in Euclidean n-space. 
There is a second corollary of Theorem [2.4] which gives an analogous result for the 
associated Euclidean angles. 


COROLLARY 2.6. Let (M,g) be a complete Riemannian manifold of non-negative 
curvature. Let p,a,b,c be four points in M and let a,8,y be minimizing geodesic 
arcs from the point p to a,b,c respectively. Let T(a,p,b), T(b,p,c) and T(c,p,a) be 
the triangles in M made out of these minimizing geodesics and minimizing geodesics 
between a,b,c. Let T(a’,p',b’), T(v',p',¢) and T(¢,p',a’) be planar triangles with 
the same side lengths. Then 


LyT(a sD; b’) + tel oe) + Zyl (ep a) < 27. 


PROOF. Consider the sum of these angles as the geodesic arcs in M are shortened 
without changing their direction. By the first property of Theorem 2.4] the sum of 
the angles of these triangles is a monotone decreasing function of the lengths. Of 
course, the limit as the lengths all go to zero is the corresponding Euclidean angle. 
The result is now clear. | 





3. The soul theorem 


A subset X of a Riemannian manifold (M, g) is said to be totally convex if every 
geodesic segment with endpoints in X is contained in X. Thus, a point p in M is 
totally convex if and only if there is no broken geodesic arc in M broken exactly at 
at. 


THEOREM 2.7. (Cheeger-Gromoll, see [8] and [10|) Suppose that (M,g) is a con- 
nected, complete, non-compact Riemannian manifold of non-negative sectional cur- 
vature. Then M contains a soul S C M. By definition a soul is a compact, totally 
geodesic, totally conver submanifold (automatically of positive codimension). Fur- 
thermore, M is diffeomorphic to the total space of the normal bundle of the S in M. 
If (M,g) has positive curvature, then any soul for it is a point, and consequently M 
is diffeomorphic to R”. 


REMARK 2.8. We only use the soul theorem for manifolds with positive curvature 
and the fact that any soul of such a manifold is a point. A proof of this result first 


appears in : 


The rest of this section is devoted to a sketch of the proof of this result. Our 
discussion follows closely that in [57] starting on p. 349. We shall need more in- 
formation about complete, non-compact manifolds of non-negative curvature, so we 
review a little of their theory as we sketch the proof of the soul theorem. 


LEMMA 2.9. Let (M,g) be a complete, non-compact Riemannian manifold of 
non-negative sectional curvature and let p € M. For every € > 0 there is a compact 
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subset K = K(p,e) C M such that for all points q ¢ K, if y and yu are minimizing 
geodesics from p to q, then the angle that y and u make at q is less than e. 


See FIG. 


ProoF. The proof is by contradiction. Fix 0 < € < 1 sufficiently small so that 
cos(e/2) < 1—e?/12. Suppose that there is a sequence of points g,, tending to infinity 
such that for each n there are minimizing geodesics y,, and fu, from p to gn making 
angle at least € at qn. For each n let d, = d(p,qn). By passing to a subsequence 
we can suppose that for all n and m the cosine of the angle at p between 7, and 
Ym at least 1 — €?/24, and the cosine of the angle at p between jin and [lm is at 
least 1 — €?/24. We can also assume that for all n > 1 we have dy41 > (100/e?)dn. 
Let bn = d(dn,dn41)- Applying the first Toponogov property at p, we see that 
62 < d? +d? — 2dndn41(1 — €?/24). Applying the same property at gn we have 


Bo < d+ 52 — 2dn5n,c08(8), 


where 6 < 7 is the angle at gq, between y, and a minimal geodesic joining gn to 
Qn+1- Thus, 
cos(8) < dn — dn4i(1 — 2/24) 
On 
By the triangle inequality (and the fact that « < 1) we have 6, > (99/e)d, and 
On > dn4i(1 — (€*/100)). Thus, 


eosO) < 7/99 — (1 =" /24)/ 0 — (7/100) —- 0 7 12), 


This implies that cos(7 — 6) > (1 — e*/12), which implies that 7 — 6 < €/2. That is 
to say, the angle at g, between 7,, and a shortest geodesic from gy, to gn+1 is between 
m —e/2 and 7. By symmetry, the same is true for the angle between ju, and the 
same shortest geodesic from gp to gdn41. Thus, the angle between y,, and pn at dn is 
less than €, contradicting our assumption. O 





COROLLARY 2.10. Let (M,g) be a complete, non-compact manifold of non-negative 
sectional curvature. Let p € M and define a function f: M — R by f(q) = d(p,¢q). 
Then there is R < o© such that for R<s <_s' we have: 

(1) f-*([s,s’]) is homeomorphic to f~+(s) x [s,s’] and in particular the level 
sets f(s) and f—+(s') are homeomorphic; 
(2) f-1([s, 00) is homeomorphic to f~'(s) x [s,00). 


Proor. Given (M,g) and p € M as in the statement of the corollary, choose 
a constant R < co such that any two minimal geodesics from p to a point q with 
d(p,q) > R/2 make an angle at most 7/6 at g. Now following p. 335, it 
is possible to find a smooth unit vector field X on U = M — B(p, R/2) with the 
property that f(-) = d(p,-) is increasing along any integral curve for X at a rate 
bounded below by cos(7/3). In particular, for any s > R each integral curve of X 
crosses the level set f—!(s) in a single point. Using this vector field we see that for 
any s,s’ > R, the pre-image f~1({s, s’]) is homeomorphic to f~'(s) x [s, s’] and that 
the end f~'([s,0o)) is homeomorphic to f~1(s) x [s,00). O 
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y, 7 minimal geodesics 





FIGURE 2. Shallow angles of minimal geodesics. 


In a complete, non-compact n-manifold of positive curvature any soul is a point. 
While the proof of this result uses the same ideas as discussed above, we shall not 
give a proof. Rather we refer the reader to Theorem 84 of on p. 349. A 
soul has the property that if two minimal geodesics emanate from p and end at the 
same point gq # p, then the angle that they make at q is less than 7/2. Also, of 
course, the exponential mapping is a diffeomorphism sufficiently close to the soul. 
Applying the above lemma and a standard compactness argument, we see that in 
fact there is « > 0 such that all such pairs of minimal geodesics from p ending at 
the same point make angle less than 7/2 —€ at that point. Hence, in this case there 
is a vector field X on all of M vanishing only at the soul, and agreeing with the 
gradient of the distance function near the soul, so that the distance function from 
p is strictly increasing to infinity along each flow line of X (except the fixed point). 
Using X one establishes that M is diffeomorphic to R”. It also follows that all the 
level surfaces f~1(s) for s > 0 are homeomorphic to $”~! and for 0 < s < s’ the 
preimage f~!((s,s’]) is homeomorphic to $”~! x [s, s’]. 

There is an analogue of this result for the distance function from any point, not 
just a soul. 


COROLLARY 2.11. Let (M,g) be a complete, non-compact Riemannian n-manifold 
of positive curvature. Then for any point p € M there is a constant R = R(p) such 
that for any s < s' with R < s both f-+(s,s') and f~!(s,0o) are homotopy equivalent 
to 5", 


Proor. Given (M,g) and p fix R < oo sufficiently large so that Corollary [2.10] 
holds. Since M is diffeomorphic to R” it has only one end and hence the level sets 
f-\(s) for s > R are connected. Given any compact subset K C M there is a larger 
compact set B (a ball) such that M \ B has trivial fundamental group and trivial 
homology groups H; for i <n—1. Hence for any subset Z C M \ B, the inclusion of 
Z — M\K induces the trivial map on 7 and on H; for i < n—1. Clearly, for any 
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R<s <b the inclusion f~'(b, 00) > f~'(s,00) is a homotopy equivalence. Thus, it 
must be the case that f~!(b, oo) has trivial fundamental group and H; for i < n—1. 
Hence, the same is true for f~'(s,oo) for any s > R. Lastly, since f~!(s,00) is 
connected and simply connected ( hence orientable) and has two ends, it follows by 
the non-compact form of Poincaré duality that Hp—1(f~!(s,oo)) & Z. Hence, by 
the Hurewicz theorem f~!(s,0o) is homotopy equivalent to S”~! for any s > R. 
Of course, it is also true for R < s < s’ that f~+(s,s’) is homotopy equivalent to 
os , Oo 





4. Ends of a manifold 


Let us review the basic notions about ends of a manifold. 


DEFINITION 2.12. Let M be a connected manifold. Consider the inverse system 
of spaces indexed by the compact, codimension-0 submanifolds K C M, where the 
space associated to K is the finite set 7(M \ K) with the discrete topology. The 
inverse limit of this inverse system is the space of ends of M. It is a compact 
space. An end of M is a point of the space of ends. An end € determines a 
complementary component of each compact, codimension-0 submanifold K Cc M, 
called a neighborhood of the end. Conversely, by definition these neighborhoods are 
cofinal in the set of all neighborhoods of the end. A sequence {x,,} in M converges 
to the end € if it is eventually in every neighborhood of the end. In fact, what we 
are doing is defining a topology on the union of M and its space of ends that makes 
this union a compact, connected Hausdorff space which is a compactification of M. 


A proper map between topological manifolds induces a map on the space of ends, 
and in fact induces a map on the compactifications sending the subspace of ends of 
the compactification of the domain to the subspace of ends of the compactification 
of the range. 

We say that a path y: [a,b) — M is a path to the end € if it is a proper map 
and it sends the end {b} of [a,b) to the end € of M. This condition is equivalent to 
saying that given a neighborhood U of € there is a neighborhood of the end {b} of 
(a,b) that maps to U. 

Now suppose that M has a Riemannian metric g. Then we can distinguish 
between ends at finite and infinite distance. An end is at finite distance if there 
is a rectifiable path of finite length to the end. Otherwise, the end is at infinite 
distance. If an end is at finite distance we have the notion of the distance from a 
point « € M to the end. It is the infimum of the lengths of rectifiable paths from 
x to the end. This distance is always positive. Also, notice that the Riemannian 
manifold is complete if and only if has no end at finite distance. 


5. The splitting theorem 


In this section we give a proof of the following theorem which is originally due 
to Cheeger-Gromoll [9]. The weaker version giving the same conclusion under the 
stronger hypothesis of non-negative sectional curvature (which is in fact all we need 
in this work) was proved earlier by Toponogov, see [70]. 
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THEOREM 2.13. Suppose that M is complete, of non-negative Ricci curvature and 
suppose that M has at least two ends. Then M is isometric to a product N xR where 
N is a compact manifold. 


PROOF. We begin the proof by establishing a result of independent interest, 
which was formulated as the main theorem in [9].. 


LEMMA 2.14. Any complete Riemannian manifold X of non-negative Ricci cur- 
vature containing a minimizing line is isometric to a product N x R for some Rie- 
mannian manifold N. 





PRooF. Given a minimizing line A: R — X, define Ax: [0,00) — X by A+(t) = 
A(t) and A_(t) = A(—t). Then we have the Busemann functions By = By), and 
B_ = By_. Proposition applies to both B, and B_ and shows that A(By + 
B_) <0. On the other hand, using the fact that \ is distance minimizing, we see 
that for any s,t > 0 and for any x € M we have d(z, X(t)) + d(x, A(—s)) > s +t, and 
hence By(x) + B_(x) > 0. Clearly, B(x) + B_(x) = 0 for any x in the image of 
A. Thus, the function B, + B_ is everywhere > 0, vanishes at at a least one point 
and satisfies A(B, + B_) < 0 in the weak sense. This is exactly the set-up for the 
maximum principle, cf. [57], p. 279. 


THEOREM 2.15. (The Maximum Principle) Let f be a real-valued continuous 
function on a connected Riemannian manifold with Af > 0 in the weak sense. 
Then f is locally constant near any local mazimum. In particular, if f achieves its 
maximum then it is a constant. 


Applying this result to —(B,+B_), we see that By +B_ =0,so that BL = —B,. 
It now follows that AB, = 0 in the weak sense. By standard elliptic regularity 
results this implies that B, is a smooth harmonic function. 

Next, we show that for all c € M we have |VB,(x2)| = 1. Fix x € M. Take 
a sequence ¢,, tending to infinity and consider minimizing geodesics uw, from x 
to Ai (tn). By passing to a subsequence we can assume that there is a limit as 
n — oo. This limit is a minimizing geodesic ray w+ from x, which we think of as 
being ‘asymptotic at infinity’ to Ay. Similarly, we construct a minimizing geodesic 
ray w— from x asymptotic at infinity to A,. Since 4 is a minimal geodesic ray, it 
follows that for any t the restriction +| (0,] 1s the unique length minimizing geodesic 
from x to w+(t) and that w(t) is not a conjugate point along y+. It follows by 
symmetry that x is not a conjugate point along the reversed geodesic —j14|/9,4 and 
hence that x € U,,, (4). This means that the function d(y4(t),-) is smooth at x with 
gradient equal to the unit tangent vector in the negative direction at x to 4, and 
consequently that B,,, ; is smooth at x. Symmetrically, for any t > 0 the function 
By_ + is smooth at x with the opposite gradient. Notice that these gradients have 
norm one. We have 


Bu, t+ By(e) > By = —B_ > —(By_t+ B_(z)). 
Of course, By, ¢() = 0 and B,_ ¢(%) = 0, so that 


By, 4(t) + By (2) = —(B,_a(e) + B-(2)). 
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This squeezes By between two smooth functions with the same value and same 

gradient at x and hence shows that B, is C' at x and |VB,(x)| is of norm one. 
Thus, B defines a smooth Riemannian submersion from M — R which implies 

that M is isometric to a product of the fiber over the origin with R. O 





This result together with Lemma[2.1]shows that if M satisfies the hypothesis of 
the theorem, then it can be written as a Riemannian product M = N x R. Since 
M has at least two ends, it follows immediately that N is compact. This completes 
the proof of the theorem. O 





6. e-necks 


Certain types of (incomplete) Riemannian manifolds play an especially important 
role in our analysis. The purpose of this section is to introduce these manifolds and 
use them to prove one essential result in Riemannian geometry. 

For all of the following definitions we fix 0 < « < 1/2. Set k& equal to the greatest 
integer less than or equal to e~!. In particular, k > 2. 


DEFINITION 2.16. Suppose that we have a fixed metric gg on a manifold M and 
an open submanifold X C M. We say that another metric g on X is within € of 
go|x in the Cl/4-topology if, setting k = [1/«] we have 


k 
(2.1) SUP rex (ia =g@ nD. Patel <<, 
é=1 


where the covariant derivative ven is the Levi-Civita connection of gg and norms 
are the pointwise go-norms on 


Sym?2T*M @T*M @---@T*M. 
eS 
é—times 


More generally, given two smooth families of metrics g(t) and go(t) on M defined 
for t in some interval I we say that the family g(t)|x is within e€ of the family go(t)|x 
in the Cl!/<-topology if we have 


k 
2 
SUP(2,t)EXxI (a _ g0(2, t) IF) =F S> vanaf, Ze. 
l=1 


REMARK 2.17. Notice that if we view a one-parameter family of metrics g(t) as a 
curve in the space of metrics on X with the CU/4-topology then this is the statement 
that the two paths are pointwise within € of each other. It says nothing about the 
derivatives of the paths, or equivalently about the time derivatives of the metrics 
and of their covariant derivatives. We will always be considering paths of metrics 
satisfying the Ricci flow equation. In this context two one-parameter families of 
metrics that are close in the C?*-topology exactly when the r“” time derivatives of 
the s‘-covariant derivatives are close for all r,s with s + 2r < 2k. 


The first object of interest is one that, up to scale, is close to a long, round 
cylinder. 
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DEFINITION 2.18. Let (NV, g) be a Riemannian manifold and x € N a point. Then 
an €-neck structure on (N,g) centered at x consists of a diffeomorphism 


yes xe je) SN, 


with a € y(S? x {0}), such that the metric R(a)y*g is within € in the Cl'/4-topology 
of the product of the usual Euclidean metric on the open interval with the metric 
of constant Gaussian curvature 1/2 on S*. We also use the terminology N is an 
e-neck centered at x. The image under of the family of submanifolds S$? x {t} 
is called the family of 2-spheres of the e-neck. The submanifold y(S? x {0}) is 
called the central 2-sphere of the e-neck structure. We denote by sy: N — R the 
composition py o y~!, where pg is the projection of S? x (—e~!,e~+) to the second 
factor. There is also the vector field 0/0sy on N which is y, of the standard vector 
field in the interval-direction of the product. We also use the terminology of the 
plus and minus end of the e-neck in the obvious sense. The opposite (or reversed) 
e-neck structure is the one obtained by composing the structure map with Id,g2 x —1. 
We define the positive half of the neck to be the region da (0,e7!) and the negative 
half to be the region sy (—et, 0). For any other fraction, e.g., the left-hand three- 
quarters, the right-hand one-quarter, there are analogous notions, all measured with 
respect to sy: N — (—e~!,e~'). We also use the terminology the middle one-half, 
or middle one-third of the e-neck; again these regions have their obvious meaning 
when measured via sj. 

An e-neck in a Riemannian manifold X is a codimension-zero submanifold N and 
an e-structure on N centered at some point x € N. 

The scale of an e-neck N centered at x is R(x)~'/?. The scale of N is denoted 
ry. Intuitively, this is a measure of the radius of the cross-sectional $? in the neck. 
In fact, the extrinsic diameter of any S? factor in the neck is close to V2mry. See 
Fic. [Jin the introduction. 


Here is the result that will be so important in our later arguments. 


PROPOSITION 2.19. The following holds for any « > 0 sufficiently small. Let 
(M,g) be a complete, positively curved Riemannian 3-manifold. Then (M,g) does 
not contain €-necks of arbitrarily small scale. 


PROOF. The result is obvious if MM is compact, so we assume that M is non- 
compact. Let p € M be a soul for M (Theorem [2.7), and let f be the distance 
function from p. Then f~'(s) is connected for all s > 0. 


LEMMA 2.20. Suppose that € > 0 is sufficiently small that Lemma[{19.10] from the 
appendix holds. Let (M,g) be a non-compact 3-manifold of positive curvature and let 
peEM bea soul for it. Then for any e-neck N disjoint from p the central 2-sphere of 
N separates the soul from the end of the manifold. In particular, if two e-necks Ny 
and Ng in M are disjoint from each other and from p, then the central 2-spheres of 
N, and No are the boundary components of a region in M diffeomorphic to S? x I. 


Proor. Let N be an e-neck disjoint from p. By Lemma|[I9.10]for any point z in 
the middle third of N, the boundary of the metric ball B(p, d(z,p)) is a topological 
2-sphere in N isotopic in N to the central 2-sphere of N. Hence, the central 2-sphere 
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separates the soul from the end of M. The second statement follows immediately 
by applying this to Ny and No. O 





Let N; and N2 be disjoint e-necks, each disjoint from the soul. By the previous 
lemma, the central 2-spheres $; and S2 of these necks are smoothly isotopic to each 
other and they are the boundary components of a region diffeomorphic to S? x I. 
Reversing the indices if necessary we can assume that No is closer to co than Nj, 
i.e., further from the soul. Reversing the directions of the necks if necessary, we can 
arrange that for 7 = 1,2 the function sy, is increasing as we go away from the soul. 
We define C'°- functions ~; on N;, functions depending only on sy,, as follows. The 
function 71 is zero on the negative side of the middle third of N; and increases to be 
identically one on the positive side of the middle third. The function wz is one on 
the negative side of the middle third of No and decreases to be zero on the positive 
side. We extend 1,2 to a function w defined on all of M by requiring that it be 
identically one on the region X between N; and No and to be identically zero on 
M\(NiUX UN»). 

Let A be a geodesic ray from the soul of M to infinity, and By its Busemann 
function. Let N be any e-neck disjoint from the soul, with sy direction chosen so 
that it points away from the soul. At any point of the middle third of N where B) is 
smooth, VB) is a unit vector in the direction of the unique minimal geodesic ray from 
the end of A to this point. Invoking Lemma [19.4] from the appendix we see that at 
such points VB, is close to —R(x)!/20/8sy, where x € N is the center of the e-neck. 
Since VB) is L? its non-smooth points have measure zero and hence, the restriction 
of VB) to the middle third of N is close in the L?-sense to —R(x)!/?0/dsy. 

Applying this to N, and No we see that 


(2.2) [wes Vib)dvol = (a2R(22)7! — a R(21)~}) Volng(S?)), 


where h(0) is the round metric of scalar curvature 1 and where each of a, and 
a2 limits to 1 as € goes to zero. Since wy > 0, Proposition tells us that the 
left-hand side of Equation must be > 0. This shows that, provided that € is 
sufficiently small, R(x2) is bounded above by 2R(x1). This completes the proof of 
the proposition. O 





COROLLARY 2.21. Fire > 0 sufficiently small so that Lemma[19.10 holds. Then 
there is a constant C < co depending on € such that the following holds. Suppose 
that M is a non-compact 3-manifold of positive sectional curvature. Suppose that N 
is an e-neck in M centered at a point x and disjoint from a soul p of M. Then for 
any €-neck N' that is separated from p by N with center x’ we have R(x’) < CR(z). 


7. Forward difference quotients 


Let us review quickly some standard material on forward difference quotients. 
Let f: [a,b] — R be acontinuous function on an interval. We say that the forward 
difference quotient of f at a point t € |a,b), denoted 4 (t), is less than c provided 


that 
f(t + At) — f(t) 


<c. 
At ~ 


lima;—o+ 
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We say that it is greater than or equal to ¢ if 


t+ At) — f(t) 
fie ] f(t + At) — fe) 
eS BMAt—0+ At 
Standard comparison arguments show: 


LEMMA 2.22. Suppose that f: [a,b] > R is a continuous function. Suppose that 
w is a C!-function on [a,b] xR and suppose that 4 (4) < w(t, f(t)) for every t € [a, b) 
in the sense of forward difference quotients. Suppose also that there is a function 
G(t) defined on [a,b] that satisfies the differential equation G'(t) = w(t,G(t)) and 
has f(a) < G(a). Then f(t) < G(t) for allt € [a,b]. 


The application we shall make of these results is the following. 


PROPOSITION 2.23. Let M be a smooth manifold with a smooth vector field x and 
a smooth function t: M — [a,b] with x(t) = 1. Suppose also that F: M > R is a 
smooth function with the properties: 
(1) for each to € [a,b] the restriction of F to the level set t~!(to) achieves its 
maximum, and 
(2) the subset Z of M consisting of all x for which F(x) > F(y) for ally € 
t-!(t(x)) is a compact set. 
Suppose also that at each x € Z we have x(F(x)) < w(t(x), F(x)). Set Finax(t) = 
max,e¢-1(4) (x). Then Frnax(t) is a continuous function and 


aes (t) < P(t, Finax(t)) 


in the sense of forward difference quotients. Suppose that G(t) satisfies the differ- 
ential equation 





G'(t) = H(t, Gd) 
and has initial condition Finax(a) < G(a). Then for allt € [a,b] we have 
Pnaxlt) <G). 
ProoF. Under the given hypothesis it is a standard and easy exercise to es- 


tablish the statement about the forward difference quotient of Fiyax. The second 
statement then is an immediate corollary of the previous result. 














CHAPTER 3 


Basics of Ricci flow 


In this chater we introduce the Ricci flow equation due to R. Hamilton [29]. For 
the basic material on the Ricci flow equation see [13]. 


1. The definition of the Ricci flow 


DEFINITION 3.1. The Ricci flow equation is the following evolution equation for 
a Riemannian metric: 
Og _ 


(3.1) a —2Ric(q). 


A solution to this equation (or a Ricci flow) is a one-parameter family of metrics 
g(t), parameterized by ¢ in a non-degenerate interval J, on a smooth manifold MW 
satisfying Equation (8.1). If J has an initial point tg then (M,g(to)) is called the 
initial condition of or the initial metric for the Ricci flow (or of the solution). 


Let us give a quick indication of what the Ricci flow equation means. In harmonic 


coordinates (x!,...,a”) about p, that is to say coordinates where Az’ = 0 for all i, 
we have a 2 
; 1 4 
Ricj; = Rie(a Bui) = — 5 Aas + Qij(g_, 09) 


where Q is a quadratic form in g~! and Og, and so in particular is a lower order term 
in the derivatives of g. See Lemma 3.32 on page 92 of [13]. So, in these coordinates, 
the Ricci flow equation is actually a heat equation for the Riemannian metric 


O “4 
ad = 49 + 2Q(9 , 09). 


DEFINITION 3.2. We introduce some notation that will be used throughout. 
Given a Ricci flow (M”,g(t)) defined for ¢ contained in an interval J, then the 
space-time for this flow is M x I. The t time-slice of space-time is the Riemannian 
manifold M x {t} with the Riemannian metric g(t). Let HT(M x I) be the horizontal 
tangent bundle of space-time, i.e., the bundle of tangent vectors to the time-slices. 
It is a smooth, rank-n subbundle the tangent bundle of space-time. The evolving 
metric g(t) is then a smooth section of Sym?HT*(M x I). We denote points of 
space-time as pairs (p,t). Given (p,t) and any r > 0 we denote by B(p,t,r) the 
metric ball of radius r centered at (p,t) in the t time-slice. For any At > 0 for which 
[t — At,t] C I, we define the backwards parabolic neighborhood P(xz,t,r,—At) to 
be the product B(a,t,r) x [ft — At,t] in space-time. Notice that the intersection 
of P(x,t,r, At) with a time-slice other that the t time-slice need not be a metric 
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ball in that time-slice. There is the corresponding notion of a forward parabolic 
neighborhood P(x, t,r, At) provided that [t,t + At] Cc I. 


2. Some exact solutions to the Ricci flow 


2.1. Einstein manifolds. Let go be an Einstein metric: Ric(go) = Ago, where 

A is a constant. Then for any positive constant c, setting g = cgo we have Ric(g) = 
Ric(go) = Ago = A g. Using this we can construct solutions to the Ricci flow equation 
as follows. Consider g(t) = u(t)go. If this one-parameter family of metrics is a 
solution of the Ricci flow, then 

og _ 

—=ult 

Ot (t) 90 
—2Ric(u(t)go) 
= —2Ric(go) 


—2Agqgo. 


So u’(t) = —2A, and hence u(t) = 1 — 2At. Thus g(t) = (1 — 2At)go is a solution of 

the Ricci flow. The cases 4 > 0,A = 0, and A < 0 correspond to shrinking, steady 

and expanding solutions. Notice that in the shrinking case the solution exists for 
1 


t € (0, x) and goes singular at t = 3;. 


EXAMPLE 3.3. The standard metric on each of S”, IR”, and H” is Einstein. Ricci 
flow is contracting on $”, constant on R”, and expanding on HI”. The Ricci flow on 
S” has a finite-time singularity where the diameter of the manifold goes to zero and 
the curvature goes uniformly to +oo. The Ricci flow on H” exists for all t > 0 and 
as t goes to infinity the distance between any pair of points grows without bound 
and the curvature goes uniformly to zero. 


EXAMPLE 3.4. CP” equipped with the Fubini-Study metric, which is induced 
from the standard metric of $?”*! under the Hopf fibration with the fibers of great 
circles, is Einstein. 


EXAMPLE 3.5. Let hg be the round metric on S? with constant Gausssian cur- 
vature 1/2. Set h(t) = (1 —t)ho. Then the flow 


(S*,A(t)), -oo<t <1, 


is a Ricci flow. We also have the product of this flow with the trivial flow on the 
line: (S$? x R, h(t) x ds”), —oo <t < 1. This is called the standard shrinking round 
cylinder. 


The standard shrinking round cylinder is a model for evolving e-necks. In Chap- 
ter [I] we introduced the notion of an e-neck. In the case of flows in order to take 
smooth geometric limits, it is important to have a stronger version of this notion. 
In this stronger notion, the neck not only exists in one time-slice but it exists back- 
wards in the flow for an appropriate amount of time and is close to the standard 
shrinking round cylinder on the entire time interval. The existence of evolving necks 
is exploited when we study limits of Ricci flows. 
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DEFINITION 3.6. Let (M,g(t)) be a Ricci flow. An evolving e-neck centered at 
(x,to) and defined for rescaled time t, is an e-neck 


yp: 8? x (-e71,e7!) = NC (M, 49(t)) 


centered at (2,t9) with the property that pull-back via y of the family of metrics 
R(a,to)g(t')|n, —ti <t! < 0, where ty = R(x, to)~1(t — to), is within € in the Cl/4- 
topology of the product of the standard metric on the interval with evolving round 
metric on S$? with scalar curvature 1/(1—t’) at time t’. A strong e-neck centered at 
(x, to) in a Ricci flow is an evolving e-neck centered at (x,t) and defined for rescaled 
time 1, see Fic. 


—e S? x {0} et 


Ricci flow 





FIGURE 1. Strong e-neck of scale 1. 


2.2. Solitons. A Ricci soliton is a Ricci flow (M,g(t)), 0<t<T < o, with 
the property that for each t € [0,7') there is a diffeomorphism y,: M — M anda 
constant o(t) such that o(t)y;9(0) = g(t). That is to say, in a Ricci soliton all the 
Riemannian manifolds (M, g(t)) are isometric up to a scale factor that is allowed to 
vary with t. The soliton is said to be shrinking if o/(t) < 0 for all t. One way to 
generate Ricci solitons is the following: Suppose that we have a vector field X on 
M and a constant \ and a metric g(0) such that 


(3.2) — Ric(g(0)) = 5£x9(0) ~ Aa(0). 


We set T = 00 if A < 0 and equal to (2\)~! if X > 0. Then, for all t € [0,7) we 
define a function 
o(t) =1— 2A, 


and a vector field 





Then we define y; as the one-parameter family of diffeomorphisms generated by the 
time-dependent vector fields Y;. 
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CLAIM 3.7. The flow (M, g(t)), 0<t< TT, where g(t) = o(t)yj7g(0), ts a soliton. 
It is a shrinking soliton if X > 0. 


PRoor. We check that this flow satisfies the Ricci flow equation; from that, the 
result follows immediately. We have 


oat) = a'(t)gig(0) + a(t) yi Ly~9(0) 


= yf(-2\ + £Lx)g(0) 
9; (—2Ric(g(0))) = —2Ric(y; (9(0))). 
Since Ric(ag) = Ric(g) for any a > 0, it follows that 


Og(t) 
ot 


= —2Ric(g(t)). 
O 





There is one class of shrinking solitons which are of special importance to us. 
These are the gradient shrinking solitons. 


DEFINITION 3.8. A shrinking soliton (M, g(t)), 0 < t < T, is said to be a gradient 
shrinking soliton if the vector field X in Equation (3.2) is the gradient of a smooth 
function f on M. 


PROPOSITION 3.9. Suppose we have a complete Riemannian manifold (M, g(0)), 
a smooth function f: M — R, and a constant \ > 0 such that 


(3.3) — Ric(g(0)) = Hess(f) — Ag(0). 
Then there is T > 0 and a gradient shrinking soliton (M, g(t)) defined for0 <t < T. 
PROOF. Since 
Ly sg(0) = 2Hess(f), 


Equation (8.3) is the soliton equation, Equation (3.2), with the vector field X being 
the gradient vector field Vf. It is a shrinking soliton by assumption since A>0. O 





DEFINITION 3.10. In this case we say that (M,g(0)) and f: M — R generate a 
gradient shrinking soliton. 


3. Local existence and uniqueness 


The following is the first basic result in the theory — local existence and uniqueness 
for Ricci flow in the case of compact manifolds. 


THEOREM 3.11. (Hamilton, cf. [29].) Let (M,go) be a compact Riemannian 
manifold of dimension n. 


(1) There is aT > 0 depending on (M, go) and a Ricci flow (M,g(t)), 0<t< 
T, with g(0) = go. 

(2) Suppose that we have Ricci flows with initial conditions (M, go) at time 0 
defined respectively on time intervals I and I'. Then these flows agree on 
LiL: 
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We remark that the Ricci flow is a weakly parabolic system where degeneracy 
comes from the gauge invariance of the equation under diffeomorphisms. Therefore 
the short-time existence does not come from general theory. R. Hamilton’s original 
proof of the short-time existence was involved and used the Nash-Moser inverse 
function theorem, [28]. Soon after, DeTurck substantially simplified the short- 
time existence proof by breaking the diffeomorphism invariance of the equation. For 
the reader’s convenience, and also because in establishing the uniqueness for Ricci 
flows from the standard solution in Section [4] we use a version of this idea in the 
non-compact case, we sketch DeTurck’s argument. 


ProoF. Let’s sketch the proof due to DeTurck [16], cf, Section 3 of Chapter 3 
starting on page 78 of [13] for more details. First, we compute the first variation at 
a Riemannian metric g of minus twice the Ricci curvature tensor in the direction h: 


6g(—2Ric)(h) = Ah — Sym(VV) + S 


where: 


(1) V is the one-form given by 
1 
Vv, = 59 (Vela + Vaglinx — Visling): 


(2) Sym(VV) is the symmetric two-tensor obtained by symmetrizing the co- 
variant derivative of V, and 

(3) S isa symmetric two-tensor constructed from the inverse of the metric, the 
Riemann curvature tensor and h, but involves no derivatives of h. 


Now let go be the initial metric. For any metric g we define a one-form W 
by taking the trace, with respect to g, of the matrix-valued one-form that is the 
difference of the connections of g and gg. Now we form a second-order operator of 
g by setting 

P(g) = Lwg, 
the Lie derivative of g with respect to the vector field W dual to W. Thus, in 
local coordinates we have P(g);; = ViW; + VjW;i. The linearization at g of the 
second-order operator P in the direction h is symmetric and is given by 


dgP(h) = Sym(VV) + T 
where T is a first-order operator in h. Thus, defining Q = —2Ric+ P we have 
da Q)(h) = Ah+0 


where U is a first-order operator in h. Now we introduce the Ricci-DeTurck flow 


0 
(3.4) oF _ _9oRic(g) + P. 

ot 
The computations above show that the Ricci-DeTurck flow is strictly parabolic. 
Thus, Equation (3.4) has a short-time solution g(t) with g(0) = go by the standard 
PDE theory. Given this solution g(t) we define the time-dependent vector field 
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W (t) = W(G(t), go) as above. Let ¢; be a one-parameter family of diffeomorphisms, 
with ¢@9 = Id, generated by this time-dependent vector field, i.e., 


Oot 
— =Wi(t). 
7E (t) 
Then, direct computation shows that g(t) = ¢fg(t) solves the Ricci flow equation. 


O 





In performing surgery at time 7’, we will have an open submanifold 9 of the 
compact manifold with the following property. As t approaches T from below, the 
metrics g(t)|gq converge smoothly to a limiting metric g(T) on Q. We will ‘cut away’ 
the rest of the manifold M \ Q where the metrics are not converging and glue in 
a piece E coming from the standard solution to form a new compact manifold M’. 
Then we extend the Riemannian metric g(T') on 2 to one defined on M’ = QUE. The 
resulting Riemannian manifold forms the initial manifold at time T for continuing 
the Ricci flow g(t) on an interval T < t < T’. It is important to know that the two 
Ricci flows (Q, g(t)), t < T and (Q, g(t)), T <t < T” glue together to make a smooth 
solution spanning across the surgery time 7’. That this is true is a consequence of 
the following elementary result. 


PROPOSITION 3.12. Suppose that (U,g(t)), a<t <b, is a Ricci flow and suppose 
that there is a Riemannian metric g(b) on U such that as t > b the metrics g(t) 
converge in the C™-topology, uniformly on compact subsets, to g(b). Suppose also 
that (U,g(t)), b<t<ce, is a Ricci flow. Then the one-parameter family of metrics 
g(t), a<t<c, is a C™®-family and is a solution to the Ricci flow equation on the 
entire interval a,c). 


4. Evolution of curvatures 


Let us fix a set (x!,...,2”) of local coordinates. The Ricci flow equation, written 
in local coordinates 
Ogi; 
“Ot 
implies a heat equation for the Riemann curvature tensor R;;~; which we now derive. 
Various second-order derivatives of the curvature tensor are likely to differ by terms 
quadratic in the curvature tensors. To this end we introduce the tensor 


=—_ 2Ric; j 


Big =O" 9 Ripe hrs: 
Note that we have the obvious symmetries 
Bijxt = Bri = Brij, 


but the other symmetries of the curvature tensor Rj;,; may fail to hold for Bj;x7. 


THEOREM 3.13. The curvature tensor Rjj;x, the Ricci curvature Ricij, the scalar 
curvature R, and the volume form dvol(x,t) satisfy the following evolution equations 
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under Ricci flow: 


onal = ARijn t+ 2(Bijnt — Bijzik — Bujr + Birgit) 
(3.5) =o? (Regp Ritge + Rigg Ricgs + Riga Ricyp + RygiepRicg) 
(3.6) © Ricjs = ARicgg + 299" Rage Ritgs — 2g?* Ric; Rice, 
(3.7) SR = AR+ 2|Ric|? 
(3.8) 2 Sint = —R(zx,t)dvol(z,t). 


Ot 
These equations are contained in Lemma 6.15 on page 179, Lemma 6.9 on page 
176, Lemma 6.7 on page 176, and Equation (6.5) on page 175 of [13], respectively. 
Let us derive some consequences of these evolution equations. The first result 
is obvious from the Ricci flow equation and will be used implicitly throughout the 
paper. 


LEMMA 3.14. Suppose that (M,g(t)), a<t <b is a Ricci flow of non-negative 
Ricci curvature with M a connected manifold. Then for any points x,y € M the 
function dgt)(x,y) is @ non-increasing function of t. 


PrRooF. The Ricci flow equation tells us that non-negative Ricci curvature im- 
plies that 0g/Ot < 0. Hence, the length of any tangent vector in M, and consequently 
the length of any path in M, is a non-increasing function of t. Since the distance 
between points is the infimum over all rectifiable paths from x to y of the length of 
the path, this function is also a non-increasing function of t. O 





LEMMA 3.15. Suppose that (M,g(t)), O<t<T, is a Ricci flow and |Rm(za,t)| < 
K for allx € M and allt € [0,T]|. Then there are constants A, A’ depending on 
K,T and the dimension such that: 


(1) For any non-zero tangent vector v € T,M and any t < T we have 
A~"(v, 0) (0) as (V, U) g(t) S A(v,U) 9(0)- 

(2) For any open subset U C M and anyt < T we have 
(A’)~!Volo(U) < Vok(U) < A’Volo(U). 


PROOF. The Ricci flow equation yields 


d ; 
cr ((v, v)9(t)) = —2Ric(v, v). 
The bound on the Riemann curvature gives a bound on Ric. Integrating yields the 


result. The second statement is proved analogously using Equation (3.8). O 





5. Curvature evolution in an evolving orthonormal frame 


It is often best to study the evolution of the representative of the tensor in an 
orthonormal frame F’. Let (M,g(t)), 0<t< T, be a Ricci flow, and suppose that 
F is a frame on an open subset U C M consisting of vector fields {F, F2,--- , Fn} 
on U that are g(0)-orthonormal at every point. Since the metric evolves by the Ricci 
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flow, to keep the frame orthonormal we must evolve it by an equation involving Ricci 
curvature. We evolve this local frame according to the formula 





OF ; : 
(3.9) a = Ric(Fy,-)*, 
ie., assuming that in local coordinates (#',...,2”), we have 
. O 
Fi =F — 
a a Ox; ’ 
then the evolution equation is 
OR. ae, 
BH Ricin Fa 


Since this is a linear ODE, there are unique solutions for all times t € [0,T). 
The next remark to make is that this frame remains orthonormal: 


CLAIM 3.16. Suppose that F(0) = {Fu}a ts a local g(0)-orthonormal frame, and 
suppose that F(t) evolves according to Equation (3.9). Then for allt € [0,T) the 
frame F(t) is a local g(t)-orthonormal frame. 


PROOF. 
O OF, OF, Og 
ay alt), Fol) ce a (HF) + (Fh, a a 3 Pa Fo) 


= Ric(F,, Fy) + Ric(F,, Fy) — 2Ric(Fy, Fh) = 0. 





Notice that if F’(0) = {F’}, is another frame related to F(0) by, say, 
FSA, 
then 
F,(t) = AZ Fp(t). 
This means that the evolution of frames actually defines a bundle automorphism 
®: TM|y x [0,T) —~ TM |y x [0,T) 


covering the identity map of U x [0,7’) which is independent of the choice of initial 
frame and is the identity at time t = 0. Of course, since the resulting bundle 
automorphism is independent of the initial frame it globalizes to produce a bundle 
isomorphism 

®: TM x [0,T) — TM x [0,T) 
covering the identity on M x [0,7). We view this as an evolving identification ©; of 
TM with itself which is the identity at t = 0. The content of Claim is: 


COROLLARY 3.17. 
©; (g(t)) = 9(0). 
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Returning to the local situation of the orthonormal frame F, we set F* = 
{F',...,F"} equal the dual coframe to {F\,...,F,}. In this coframe the Riemann 
curvature tensor is given by RgpeqgF“F bFCF4 where 


(3.10) Root = Rigg FG ES Ey 


One advantage of working in the evolving frame is that the evolution equation for 
the Riemann curvature tensor simplifies: 


LEMMA 3.18. Suppose that the orthonormal frame F(t) evolves by Formula (8.9). 
Then we have the evolution equation 


ORabed 
Ot 


where Babed = eee Raed Reeaf - 


7 A Rated oF 2 Based Bacbd Babde gions) 





PRooF. For a proof see Theorem 2.1 in [32]. O 





Of course, the other way to describe all of this is to consider the four-tensor 
O7 (Rat) = Rated ¢F’F°F* on M. Since ® is a bundle map but not a bundle 
map induced by a diffeomorphism, even though the pullback of the metric ®/ g(t) is 
constant, it is not the case that the pullback of the curvature ®;7,(;) is constant. 
The next proposition gives the evolution equation for the pullback of the Riemann 
curvature tensor. 

It simplifies the notation somewhat to work directly with a basis of \A7TM. We 
chose an orthonormal basis 

n(n—1) 
{y’, aceon) Y 7 + 
of ei M where we have 
pe" (Fa; Fi) = Lab 


and write the curvature tensor in this basis as T = (Zag) so that 


(341) Reset = Tet 
PROPOSITION 3.19. The evolution of the curvature operator T(t) = ®;Rm(g(t)) 
is given by 
OT og 
ot 


where Te, = Ta Tyg is the operator square; Te = CayeCainl\5Lin is the Lie algebra 


_ 2 t 
= ATog + TB a Tag) 


square; and Cogy = ([~%, 9", 7) are the structure constants of the Lie algebra so(n) 
relative to the basis {p*}. The structure constants Cag are fully antisymmetric in 
the three indices. 


PROOF. We work in local coordinates that are orthonormal at the point. By 
the first Bianchi identity 


Rabed ae Racdt + Raabe = 0, 
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we get 
S- Ravet Redef = S/(—Reefo = Ratie) (—TReeta _ Retae) 
e,f e,f 


- 2Raebf Reeat — 2Raerf Refde 
e,f 
= 2(Babca — Baabe)- 
Note that 
> Ravefedef = » Toa PenPepTorPraPot 
e,f e,f 
= ab PablyrPegd” 
= Pate. 
Also, 
2 Bech = Badia) = 2 S"(Raecet Roedf = Roca Muee?) 
e,f 


= 2° (Tap yreeey Tyrer var — Toa Pree Fra Phe Por) 
e,f 


Xr Xr 
=2 S> Top Tyr Pre Phe (Pep 0a} _ Por) 
e,f 


= 2530 Tap Tyr ¥2. 7.10", o lea 
e 
Xr 
= S- Dlink [y?, Y lea Pee = PoePae) 
é 
= TopTys", »leale®, Yad 
Te 4 


So we can rewrite the equation for the evolution of the curvature tensor given in 
Lemma |3.18] as 








ORabed 
AE “= ARabea + Tepe, oe Th oes eeas 
or equivalently as 
OT a9 2 14H 
at = ATo3 + vies + Toe 
We abbreviate the last equation as 
Si 
a =< a, 


O 





REMARK 3.20. Notice that neither T? nor T® satisfies the Bianchi identity, but 
their sum does. 
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6. Variation of distance under Ricci flow 


There is one result that we will use several times in the arguments to follow. 
Since it is an elementary result (though the proof is somewhat involved), we have 
chosen to include it here. 


PROPOSITION 3.21. Let to € R and let (M,g(t)) be a Ricci flow defined for t in 
an interval containing to with (M,g(t)) complete for every t in this interval. Fix a 
constant K < oo. Let x9, x1 be two points of M and let ro > 0 such that di(xo, 41) > 
2ro. Suppose that Ric(x, to) < (n—1)K for all x € B(xo,70, to) U B(21, 170, to). Then 


d(dz(%0, £1)) 


2 
S29 Vek ae ys 
dt t=to me ) (5 Pes ) 


If the distance function d,(xo,21) is not a differentiable function of t at t = to then 
this inequality is understood as an inequality for the forward difference quotient. 


REMARK 3.22. Of course, if the distance function is differentiable at t = to then 
the derivative statement is equivalent to the forward difference quotient statement. 
Thus, in the proof of this result we shall always work with the forward difference 
quotients. 


PROOF. The first step in the proof is to replace the distance function by the 
length of minimal geodesics. The following is standard. 


CLAIM 3.23. Suppose that for every minimal g(to)-geodesic y from xo to x1 the 
function €:(y) which is the g(t)-length of y satisfies 


HOO) 5 6 
dt \t=to 
Then 

d(d:(xo, 21)) SO 


dt hoe 
where, as in the statement of the proposition, if the distance function is not differ- 
entiable at to then the inequality in the conclusion is interpreted by replacing the 
derivative on the left-hand side with the liminf of the forward difference quotients of 
di (xo, 71) at to. 


The second step in the proof is to estimate the time derivative of a minimal 
geodesic under the hypothesis of the proposition. 


CLAIM 3.24. Assuming the hypothesis of the proposition, for any minimal g(to)- 
geodesic y from xo to x1, we have 


aa fay 22D (Gx +731) 


PrRooF. Fix a minimal g(to)-geodesic y(u) from xp to 21, parameterized by arc 
length. We set d = dj,(%o,%1), we set X(u) = y7’(u), and we take tangent vectors 
Yi,---,Yn—1 in T,,M which together with X(0) = y'(0) form an orthonormal basis. 
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We let Y;(u) be the parallel translation of Y; along 7. Define f: [0,d] — [0,1] by: 


u/To 0<u<r7o 
flu)=41 ro <uc<d—r 
(d—u)/ro d-ux<ro<d, 


and define 
Yi(u) = f(u)¥i(u). 
See Fic. 2] For 1<i<n-—1., let st 


a 


(y) be the second variation of the g(to)-length 
of 7 along Y;. Since y is a minimal g(to 


)-geodesic, for all i we have 


(3.12) sf (y) > 0. 
¥, 
7 
Xo i. cf Baal 


Figure 2. Y; along ¥. 


Let us now compute sh (y) by taking a two-parameter family y(u,s) such that 
the curve y(u,0) is the original minimal geodesic and Z(y(u, s))|s-0 = Yi(u). We 
denote by X(u, s) the image D+,,,3)(0/Ou) and by Y;(u, s) the image Dy,,,5)(0/0s). 
We wish to compute 


tin Ss (f° Veta Xuan) 


= 4 (f° (00.8), X(u 89) (a9), V5,Klens))du) 





s=0 





s=0 


(3.13) 


[ —(X(u, 0), X (u,0))~*/? (X(u, 0), Vy,X (u, 0))?du 
0 


+f (Vy, X(u, 0), Ve, X(u,0)) + ED Vaya 
0 


(X(u, 0), X(u,0))1/? 
Using the fact that X and Y; commute (since they are the coordinate partial deriva- 
tives of a map of a surface into M) and using the fact that Y;(u) is parallel along 
7, meaning that Vx(Y;)(u) = 0, we see that Vz X(u,0) = VxYi(u,0) = f"(u)Yi(u). 
By construction (Y;(u), X(u,0)) = 0. It follows that 


(Vy, X(u, 0), X(u, 0)) = (Vx(¥i)(u, 0), X(u, 0) = (f/(u)¥i(u), X (u, 0)) = 0. 
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Also, (X(u,0),X(u,0)) = 1, and by construction (Y;(u,0), Y;(u,0)) = 1. Thus, 
Equation (8.13) simplifies to 


oxtany = & ( [ vxteaxea)au) 


d ~ 
=f (sepia), elu) + (7, x(Fi(u,0)), Xu, 0))) de 





s=0 


d 7 7 = 
J (CRE, XV 0), (4, 0)) = (TV G_Fi Cw}, X(u,0)) + (FW)?) ae 


Now we restrict to s = O and for simplicity of notation we leave the variable u 
implicit. We have 


~ d Bs x d - 
where the last equality is a consequence of the geodesic equation, Vx X = 0. It 


follows that 


d 7 d 
[ (vxve¥i.x)qu= | Ge 50. 
0 ‘ o du . 


where the last equality is a consequence of the fact that Y; vanishes at the end points. 
Consequently, plugging these into Equation (8.14) we have 


d ~ ~ 
15) hn) =f (GR, XY, 0), XH 0)) + (F(W)?) ae 


Of course, it is immediate from the definition that f’(u)? = 1/r2 for u € [0,79] and 
for u € [d—ro,d] and is zero otherwise. Also, from the definition of the vector fields 
Y; we have 


n—-1 
SRM, X)Vi(u), X(u)) = —Ricgie,)(X(u), X(w)), 
4=1 
so that 
n—1 
D(A, X)Vi(u), X(u)) = —f?(u)Riegctg)(X(u), X (uw). 
2=1 


Hence, summing Equalities (3.15) for 7 = 1,...,2—1 and using Equation (8.12) 
gives 





n—-1 ro uz a= 
0< osha) = [|S (Riga) XH. X(w)) +4] du 


i) i) 


d—ro 
‘e | —Ricg(to)(X(u), X(u))du 


0 
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Rearranging the terms yields 


os rs (X(u), X(w))du 
: Fle-3) Ricg(to)(X oneal 
(d— 





9 








+f 0-22) emo st) 2] 
Since 
ol aL nena, lice 
= — P Regia XC X(u))du, 
we have 
d(E(Y)) 








dt a if” )(1- wy) (Rig (to) (X (n), X(0))) + 
fr [a-& (d- a) (Ricgcig)(X(u), X(u))) + a) in} 


Now, since |X (u)| = 1, by ~ hypothesis of the proposition we have the estimate 
Ricgt))(X(u), X(u)) < (n—1)K on the regions of integration on the right-hand side 
of the above inequality. Thus, 





d(:(7)) | 2 <4 
— > —2(n—1)( —rok ; 
dt t=to ie ) 0 aa 
This completes the proof of Claim [3-24] O 
Claims and together prove the proposition. O 





COROLLARY 3.25. Let to € R and let (M,g(t)) be a Ricci flow defined for t in an 
interval containing to and with (M, g(t)) complete for every t in this interval. Fix a 
constant K < oo. Suppose that Ric(x,to) < (n—1)K for alla € M. Then for any 
points x9,r%1 © M we have 


d(d: (x0, L1)) | 
dt t=to 
in the sense of forward difference quotients. 


Proor. There are two cases: Case (i): dig (to, 21) > \/-% and Case (ii) dig (x0, 21) < 
,\/ 7. In Case (i) we take ro = \/3/2K in Proposition B.21] and we conclude that 


the liminf at to of the difference quotients for d;(xo,21) is at most —4(n — 1),/ 2h 


In Case (ii) w let y(u) be any minimal g(to)-geodesic from xp to x1 parameterized 
by arc length. Since 


SeCaDleata =~ f Riegel), fw) 
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we see that 
“()leato > —(n— YK VETER = ~(n- 1) VR. 


By Claim |3.23} this implies that the liminf of the forward difference quotient of 
d:(%o, 21) at t = tg is at least —(n —1)V6K > —4(n — 1)\/2K/3. Oo 


COROLLARY 3.26. Let (M,g(t)), a < t < b, be a Ricci flow with (M,g(t)) 
complete for every t € [0,T). Fix a positive function K(t), and suppose that 
Ricgy) (x,t) < (n—1)K(t) for all x € M and all t € [a,b]. Let xo,21 be two 
points of M. Then 


b 
da(xo,21) < do(xo, x1) + 4(n — » | \/ nO at 


PRooF. By Corollary we have 





d 2K (t! 
(3.16) — 4: (xo, £1) |r = —4(n — 1) a 

dt 3 
in the sense of forward difference quotients. Thus, this result is an immediate con- 
sequence of Lemma O 





7. Shi’s derivative estimates 


The last ‘elementary’ result we discuss is Shi’s result controlling all derivatives in 
terms of a bound on curvature. This is a consequence of the parabolic nature of the 
Ricci flow equation. More precisely, we can control all derivatives of the curvature 
tensor at a point p € M and at a time t provided that we have an upper bound for 
the curvature on an entire backward parabolic neighborhood of (p,t) in space-time. 
The estimates become weaker as the parabolic neighborhood shrinks, either in the 
space direction or the time direction. 

Recall that for any K < oo if (M,g) is a Riemannian manifold with |Rm| < Kk 
and if for some r < 1//K the metric ball B(p,r) has compact closure in M, then 
the exponential mapping exp, is defined on the ball B(0,r) of radius r centered at 
the origin of T,M and exp,: B(0,r) — M is a local diffeomorphism onto B(p,7). 

The first of Shi’s derivative estimates controls the first derivative of Rm. 


THEOREM 3.27. There is a constant C = C(n), depending only on the dimension 
n, such that the following holds for every K < co, for every T > 0, and for every 
r > 0. Suppose that (U,g(t)), 0 < t < T, is an n-dimensional Ricci flow with 
|Rm(az,t)| < K for allx € U andt € [0,T]. Suppose that p € U has the property 
that B(p,0,r) has compact closure in U. Then 


1o4 1/2 
|VRm(p,t)| < CK (4+7+K) : 
r 
For a proof of this result see Chapter 6.2, starting on page 212, of [14]. 


We also need higher derivative estimates. These are also due to Shi, but they 
take a slightly different form. (See Theorem 6.9 on page 210 of [14].) 
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THEOREM 3.28. (Shi’s Derivative Estimates) Fiz the dimension n of the Ricci 
flows under consideration. Let K < co anda > 0 be positive constants. Then for 
each non-negative integer k and each r > 0 there is a constant Cy, = Cy(K,a,r,7) 
such that the following holds. Let (U,g(t)), O<t<T, be a Ricci flow withT < a/K. 
Fiz p € U and suppose that the metric ball B(p,0,r) has compact closure in U. If 


[Rm(z,t)| << K for all (x,t) € P(x,0,r,T), 
then 
|V*(Rm(y, t))| < FPR 
for all y € B(p,0,r/2) and allt € (0,T]. 


For a proof of this result see Chapter 6.2 of where these estimates are proved 
for the first and second derivatives of Rm. The proofs of the higher derivatives follow 
similarly. Below, we shall prove a stronger form of this result below including the 
proof for all derivatives. 

We shall need a stronger version of this result, a version which is well-known 
but for which there seems to be no good reference. The stronger version takes as 
hypothesis C*-bounds on the initial conditions and produces a better bound on the 
derivatives of the curvature at later times. The argument is basically the same as 
that of the result cited above, but since there is no good reference for it we include 
the proof, which was shown to us by Lu Peng. 


THEOREM 3.29. Fix the dimension n of the Ricci flows under consideration. Let 
K <ow anda> 0 be given positive constants. Fix an integer 1 > 0. Then for each 
integer k > 0 and for each r > 0 there is a constant Ch — Ch K, a, 7,2) such, that 
the following holds. Let (U,g(t)), O<t<T, be a Ricci flow with T<a/K. Fix 
p€U and suppose that the metric ball B(p,0,r) has compact closure in U. Suppose 
that 


|Rm(az,t)| <K for allx €U and allt € [0,7], 
V4 Rm («,0) <K forallxcU andall B<l. 
Then 
Cr 
fmax{k—1,0}/2 


for all y € B(p,0,r/2) and all t € (0,T]. In particular if k < 1, then for y € 
B(p,0,r/2) andt € (0,T] we have 


VF Rm (y,2)| < 


\V' Rm (y,t)] < Cha. 


REMARK 3.30. Clearly, the case | = 0 of Theorem is Shi’s theorem (Theo- 
rem 3.27). 
Theorem leads immediately to the following: 


COROLLARY 3.31. Suppose that (M,g(t)), 0 < t < T, is a Ricci flow with 
(M, g(t)) being complete and with T < co. Suppose that Rm(x,0) is bounded in 
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the C™-topology independent of x € M and suppose that |Rm(z,t)| 1s bounded in- 
dependent of x € M andt € [0,T]. Then the operator Rm(x,t) is bounded in the 
C™-topology independent of (x,t) € M x [0,7]. 


For a proof of Theorem see [66]. We give the proof of a stronger result, 
Theorem [3.29 


PROOF. The first remark is that establishing Theorem for one value of 
r immediately gives it for all r’ > 2r. The reason is that for such r’ any point 
y € B(p,0,r’/2) has the property that B(y,0,r) C B(p,0,r’) so that a curvature 
bound on B(p,0,r’) will imply one on B(y,0,7) and hence by the result for r will 
imply the higher derivative bounds at y. 

Thus, without loss of generality we can suppose that r < 1/2/K. We shall 
assume this from now on in the proof. Since B(p,0,r) has compact closure in M, 
for some r < r! < /V/K the ball B(p,0,r’) also has compact closure in M. This 
means that the exponential mapping from the ball of radius r’ in T,M is a local 
diffeomorphism onto B(p, 0,7’). 

The proof is by induction: We assume that we have established the result for 
k =0,...,m, and then we shall establish it for k = m-+1. The inductive hypothesis 
tells us that there are constants A;, 0 < j < m, depending on (1, K,a,r,n) such 
that for all (x,t) € B(p,0,r/2) x (0,T] we have 


(3.17) |v? Rm (a, 0) < Ajt max{j—l,0}/2_ 


Even better, applying the inductive result to B(y,0,r/2) with y € B(p,0,r/2) we 
see, after replacing the A; by the larger constants associated with (1, K,a,r/2,n), 
that we have the same inequality for all y € B(x,0,3r/4). 

We fix a constant C > max(4A?,,1) and consider 


F,, (x,t) = (c see ne LO) 7 Rani, i)|”) poet h) Il Rie. 2)| 


Notice that bounding F;, above by a constant (C’, oer a will yield 


Iver" Rm(z, t)|° < meee eto) 
and hence will complete the proof of the result. 

Bounding F;,, above (assuming the inductive hypothesis) is what is accomplished 
in the rest of this proof. The main calculation is the proof of the following claim 
under the inductive hypothesis. 


CLAIM 3.32. With Fy as defined above and with C > max(4A2,,1), there are 
constants cy and Co,C depending on C as well as K,a,A1,...,Am for which the 
following holds on B(p,0,3r/4) x (0,T]: 


Ci 


fs{max{m—I+1,0}}?’ 


O Cl 2 
(+ = A) Pied) < ~ ystmax{m—[+1,0}} (Bat) = Co) a 
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where 
+1 ifn>0 
s(n)= 40 ifn=0 
—1 ifn<0. 


Let us assume this claim and use it to prove Theorem B.29} We fix C = 
max{4.A? , 1}, = consider the resulting function F,,,. The constants c,,Cpo,Cj 
from Claim [2.32] depend only on K,a, and Aj,..., Am. Since r < n/2/K, and 
B(p,0,7r) has — closure in U, there is some r’ > r so that the exponential 
mapping exp,: B(0,r’) — U is a local diffeomorphism onto B(p,0,r’). Pulling back 
by the exponential map, we replace the Ricci flow on U by a Ricci flow on B(0,r’) 
in T,M. Clearly, it suffices to establish the estimates in the statement of the propo- 
sition for B(0,r/2). This remark allows us to assume that the exponential mapping 
is a diffeomorphism onto B(p,0,7r). Bounded curvature then comes into play in the 
following crucial proposition, which goes back to Shi. The function given in the next 
proposition allows us to localize the computation in the ball B(p,0,r). 


PROPOSITION 3.33. Fix constants 0 < a@ and the dimension n. Then there is 
a constant Ch = Ch(a,n) and for each r > 0 and K < o there is a constant 
C2 = Co(K,a,r,n) such that the following holds. Suppose that (U,g(t)), O<t< 
T, is an n-dimensional Ricci flow with T < a/K. Suppose that p € U and that 
B(p,0,r) has compact closure in U and that the exponential mapping from the ball 
of radius r in T,U to B(p,0,r) is a diffeomorphism. Suppose that |Rm(x,0)| < Kk 
for all xz € B(p,0,r). There is a smooth function n: B(p,0,r) — [0,1] satisfying the 
following for all t € [0,T]: 

(1) 1 has compact support in B(p,0,r/2) 

(2) The restriction of n to B(p,0,r/4) is identically 1. 
(3) |Agayn| < C2(K,a,7r,n). 
(4) 


wie C5(a,n 
4 a AGS ) 


For a proof of this result see Lemma 6.62 on page 225 of [14]. 

We can apply this proposition to our situation, because we are assuming that 
r <1/2\/K so that the exponential mapping is a local diffeomorphism onto B(p, 0,1) 
and we have pulled the Ricci flow back to the ball in the tangent space. 

Fix any y € B(p,0,r/2) and choose 7 as in the previous proposition for the 
constants C2(a,n) and C4(K,a,r/4,n). Notice that B(y,0,r/4) C B(p,0,3r/4) 
so that the conclusion of Claim [3.32] holds for every (z,t) with z € B(y,0,r/4) and 
t € [0,7]. We shall show that the restriction of nF, to P(y,0,r/4,T) is bounded by a 
constant that depends only on K,a,7r,n, A1,...,Am.- It will then follow immediately 
that the restriction of F,, to P(y,0,r/8,T) is bounded by the same constant. In 
particular, the values of F,,(y,t) are bounded by the same constant for all y € 
B(p,0,r/2) and t € [0,7]. 

Consider a point (z,t) € B(y,0,r/2) x [0,7] where 7F,,, achieves its maximum; 
such a point exists since the ball B(y,0,r/2) C B(p,0,r), and hence B(y,0,r/2) 
has compact closure in U. If t = 0, then 7F,;, is bounded by (C + K?)K? which is 
a constant depending only on K and A,,. This, of course, immediately implies the 
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result. Thus we can assume that the maximum is achieved at some t > 0. When 
s {max {m + 1—1,0}} — 0, according to the Claim B.32] we have 


(5 -A) Fn < -01 (Fn ~ Co)? + Ch 


We compute 
O 
(5 = A) (nFn) <7 (-e1 is cay C1) ~ An- Fn —2V9+VEm- 
Since (#,t) is a maximum point for 7F,, and since t > 0, a simple maximum 
principle argument shows that 
O 
(5 - A) iP at) = 0. 
Hence, in this case we conclude that 
0 
0 < (Z-4) (nle\Fin(est)) < mle) (ca (Fn(xst) ~ Ca)? + C1) 
—An(x) - F(x, t) — 2Vn(x)- VE (2, t). 
Hence, 
e1n(Fm(a,t) — Co)? < n(x)Cy — An(x) - F(z, t) — 2V (x) - VF m(z, t). 
Since we are proving that F,, is bounded, we are free to argue by contradiction and 
assume that F,,(2,t) > 2Co, implying that F,,(x,t) — Co > Fm(a,t)/2. Using this 
inequality yields 


2nC;1 2An(x) 4 
n(x)(Fm(x,t)—Co) < a a ara VF st) 
nC, 2An(x) 4 


— _ -— ——_ -—- ——__V -VEm(a,t 
ciCo Cl (1 F(X) ne c ) 


Since (x,t) is a maximum for 7F,, we have 
0 = V(n(a) Fm (a, t)) = Vina) Fm (a, t) + 0(@)V Fm (a, t), 
so that 
V(t) VE m(2, t) 


mz) Fm (a, t) 





Plugging this in gives 
Cy — 2An(x) _ ,|Vn(z)P? 


a 5g UT ey 
cCo Cj c1n(x) a 


Of course, the gradient and Laplacian of 7 are taken at the point (z,t). Thus, 
because of the properties of 7 given in Proposition [3.33] it immediately follows that 
nFi,(x,t) is bounded by a constant depending only on K,n,a,r,c1,Co, Ci, and as 
we have already seen, c1,Co,C;, depend only on K,a, A1,..., Am. 

Now suppose that s {max {m—1+1,0}} = 1. Again we compute the evolution 
inequality for 7F,,. The result is 





n(a) Fm (a, t) S 


(5-4) (nn) <0 (—2(Fn = Ca)?+ D2) = ys Fn = 200» Vn 
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Thus, using the maximum principle as before, we have 


0 
ieee > 0. 
(3 A) HE (at) = 0 


Hence, 


Fyn (x,t) — Co)? C 
Moje Fin(a.1) ~ Coy” < mayer ~ An(2)Fm(x,t) — 2Vn(x) - VEm(2,t). 
Using the assumption that F,,(x,t) > 2Co as before, and rewriting the last term as 
before, we have 
m(a)C, — 2tAn(x) , 4t|Vn(2)|? 


—_-_ ee + 10d. 


Fin (x,t) << ——— 
nF im(@,t) ciCo Cl c1n(x) 


The right-hand side is bounded by a constant depending only on K,n, a,r,¢1, Co, C1. 
We conclude that in all cases 7F;, is bounded by a constant depending only on 
K,n,a,7r,c1,Co,C1, and hence on K,n,a,7r, A1,..., Am. 

This proves that for any y € B(p,0,r/2), the value 7F,,(x,t) is bounded by a 
constant A,;,41 depending only on (m+ 1,1, K,n,a,r) for all (x,t) € B(y,0,r/2) x 
[0,7]. Since n(y) = 1, for all 0 << t < T we have 


gmaxtm+1—LO}i mrt Rm(y, t)/2 < Fr(y,t) =n(y)Fn(y,t) < Am. 


This completes the inductive proof that the result holds for k = m-+1 and hence 
establishes Theorem [3.29] modulo the proof of Claim [8.32 O 





Now we turn to the proof of Claim [3.32] 


ProoF. In this argument we fix (x,t) € B(p,0,3r/4) x (0,T] and we drop (2, t) 
from the notation. Recall that by Equations (7.4a) and (7.4b) on p. 229 of we 
have 


(3.18) 
0 £ : £ a £+1 2 : i Li £ 
= |V'Rm) < A|V!Rm| —2|/v Rm] + See; [Vi Rm| |v Rm |v! Rn, 
1=0 


where the constants ce; depend only on ¢ and j. 
Hence, setting m; = max {m+ 1—1,0} and denoting ¢m+i,; by G, we have 


aby [vt Rm|”) < A (e™ |v"! Rm|?) — 2¢™ |V™? Rm)? 


m+ 1 
+t™ S>& [Vi Rm| [VF Rm| [VF Rm| + mt™ 7 |V™ Rm? 
i=0 
2a (v™ Iyareee Rm|’) — 2¢ [V2 Rul? + (Zo + Gngr)t™ |Rm| |V"*! Rma|” 
m 


44m ae ha Rm| [yee Rm| pyre Rm| as mt} hyn Rm|” 
i=1 
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Using the inductive hypothesis, Inequality (8.17), there is a constant A < oo 
depending only on K,a, Ai,..., Am such that 
m 
S7G|V' Rm| [Vt Rm] < Ape? 
i=1 


Also, let c = Cp + G41 and define a new constant B by 
B=c(a+K)+m. 


Then, since t < T <a/K and m, > 0, we have 





Bem 
< i 
— ¢s(™m) 
Putting this together allows us to rewrite Inequality (8.19) as 
0 


o ( en Rm|’) <A (v™ ye Rm|’) 28 (yr? Bim? 


((Co + Crei t |Rm| + mt} 


4 Agr? |v"! Rm| + (ct |Rm| + m,) 71 |v"! Rm|” 
<A (e™ |v" Rm|?) — 2 |v? Rn? 








4+ em |v Rm)? + At? |W" Rl 


$3(™m1) 
Completing the square gives 
0 


at (e™ |v"? Rm|”) < A (e™ |v" Rm[?) — 22” [V4 Rin? 


mi—s(m,) m+1 2 x s(m1) 
+ (B+ 19h") |V"* Rm| some 


Let m, = max{m-—1,0}. From (8.18) and the induction hypothesis, there is a 
constant D, depending on K,a,A1,...,Am such that 


2 (a wn Rm|”) < A Ce wn Rm/’) — 2¢ 9" Rm? 
+riyt™—! |v" Rm|? + D. 
Now, defining new constants B=B+t+landA= A?/4 we have 


(= : A) Fn = (= - A) (c+ e™ |v" Rm)?) ¢™ [V1 Rm|?] < 





(C+ iv Rm)) (2 eo Rm|” a aime” veo Rm| + ave) 


+ (—2% |v"! Rmn|? + iyt™—! |V™ Rm? + D) em |V"t! Rn |? 
—2emtmey ([V" Rm?) -V (|v! Rm|’) . 


Since C > 4t™ |V Rm|’, this implies 
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(3.20) (= - A) Fm < —100e™+™ [V" Rm? |V™? Rm|* 
—g¢tm 17" Bm| [Vt Rm]? |v"? Rm| — 2+ V1 Rm |* 
+(C+e™[V™ Rm?) (Bers) |e Rn |? + Atm ) 
+ (sige |" Rm? + D) e™ |" Ron)? 
Now we can write the first three terms on the right-hand side of Inequality 


as 
(3.21) 
4 


2 
— itm (vid|v"? Rm| |v" Rn| + = |v" Rm) — sare Ra 


In addition we have 
(3.22) C+i™ |V" Rm? <C + Az. 
Let us set D = max(a/K,1)D. If rm = 0, then 


D ry A2, + D 
i | 2 = a. 2 144m 
(3.23) mt" |V™ Rm|° + D=D< 7 a ny AZ, +D< a 
On the other hand, if 7; > 0, then s(7,) = s(m;) = 1 and hence 
; 1 71 A2, + D 
fyi |V" Rm? + D< —-myA2, 4 D < ME 
$5(™m1) iy $s(m1) 


Since 7m, = m;—s(mz,), Inequalities (8.21), (8.22), and (3.23) then allow us rewrite 
Inequality (8.20) as 


a 2 4 
ee <_ mI m+1 
& a) Fn S —Fpmyh [VN Rm 





|’ 
B rn AZ, +D 


™ |V"t! Rm” 
ts(m) : 





ce al Rm|” + swe) : 


+(C + A?) ( 


Setting a i 
B’ =(C+A2)B+(mA2, +D), 
and A’ = A(C + A?.) we have 


0 2 m m+1 a\* 


B' 
beri yee Rm|” + Ales), 


We rewrite this as 





i) 2 s: B YF 
ao ee Se my m+1 = 
( a ) in Sea (« Ver Rm" - = ) 
2 
4, 5(B) 4 Args(na), 





ges(m) 
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and hence 


A” 
ts(m) 





(F ~ 4) ee sam (e™ |v"? Rm? - Bt) + 
where the constants B” and A” are defined by B” = 5B’/4 and 
A" = (max{a/K,1})? + 5(B’)?/8. 
(Recall that t < T < a/K.) Let 
Y =(C+t™|V™ Rm’). 
(Notice that Y is not a constant.) Of course, by definition 
hh, S=Y¥C UN" aml: 
Then the previous inequality becomes 


A” 


ts(m1) 





0 2 m m+1 2 ie 


Since C < Y < 5C/4 we have 





0 32 2 Al 
i i ee Pe 
(5; ) ~ — 125¢80) C2 ( y+ ta(rmi) 
At any point where F,, > 5C’'B”/4, the last inequality gives 
O 32 2 Al 
— —A|F, < -————— (Ff, -—5CB" /4 —_—.. 
(F ) ~ 125480) C2 ( jaye ts(rm) 


At any point where F,,, < 5CB”/4, since F,, > 0 and 0 < B”Y < 5C'B"/4, we have 
(Fin — B"Y)? < 25C?(B")*/16, so that 


32 


—ToEpetmage (Fm — 5OB"/4)” > —2(B")? js. 


Thus, in this case we have 





0 A" 32 2 A” +2(B")?/5 
a gee ee _ a eee 
(5 4) Fm  sscmy S —Tpggstmyoe (Fm — SCBN/A) + iy 
These two cases together prove Claim O 


8. Generalized Ricci flows 


In this section we introduce a generalization of the Ricci flow equation. The 
generalization does not involve changing the PDE that gives the flow. Rather it 
allows for the global topology of space-time to be different from a product. 
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8.1. Space-time. There are two basic ways to view an n-dimensional Ricci 
flow: (i) as a one-parameter family of metrics g(t) on a fixed smooth n-dimensional 
manifold M, and (ii) as a partial metric (in the horizontal directions) on the (n+ 1)- 
dimensional manifold M x I. We call the latter (n + 1)-dimensional manifold space- 
time and the horizontal slices are the time-slices. In defining the generalized Ricci 
flow, it is the second approach that we generalize. 


DEFINITION 3.34. By space-time we mean a smooth (n+ 1)-dimensional manifold 
M (possibly with boundary), equipped with a smooth function t: M — R, called 
time and a smooth vector field y subject to the following axioms: 


(1) The image of t is an interval I (possibly infinite) and the boundary of M 
is the preimage under t of OJ. 

(2) For each x € M there is an open neighborhood U Cc M of x and a diffeo- 
morphism f: V x J — U, where V is an open subset in R” and J is an 
interval with the property that (i) t is the composition of f~! followed by 
the projection onto the interval J and (ii) x is the image under f of the 
unit vector field in the positive direction tangent to the foliation by the 
lines {vu} x J of V x J. 


Notice that it follows that y(t) = 1. 


DEFINITION 3.35. The time-slices of space-time are the level sets t. These form 
a codimension-one foliation of M. For each t € I we denote by M; C M the ¢ time- 
slice, that is to say t~!(t). Notice that each boundary component of M is contained 
in a single time-slice. The horizontal distribution, HTM is the distribution tangent 
to this foliation. A horizontal metric on space-time is a smoothly varying positive 
definite inner product on HTM. 


Notice that a horizontal metric on space-time induces an ordinary Riemannian 
metric on each time-slice. Conversely, given a Riemannian metric on each time-slice 
M;, the condition that they fit together to form a horizontal metric on space-time 
is that they vary smoothly on space-time. We define the curvature of a horizontal 
metric G to be the section of the dual of the symmetric square of A27HTM whose 
value at each point x with t(x) = t is the usual Riemannian curvature tensor of the 
induced metric on M; at the point x. This is a smooth section of Sym?(A7HT*M). 
The Ricci curvature and the scalar curvature of a horizontal metric are given in the 
usual way from its Riemannian curvature. The Ricci curvature is a smooth section 
of Sym?(HT*M) while the scalar curvature is a smooth function on M. 


8.2. The generalized Ricci flow equation. Because of the second condition 
in the definition of space-time, the vector field y preserves the horizontal foliation 
and hence the horizontal distribution. Thus, we can form the Lie derivative of a 
horizontal metric with respect to yx. 


DEFINITION 3.36. An n-dimensional generalized Ricci flow consists of a space- 
time M that is (n + 1)-dimensional and a horizontal metric G satisfying the gener- 
alized Ricci flow equation: 

Ly(G) = —2Ric(G). 
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REMARK 3.37. Let (M,G) be a generalized Ricci flow and let « € M. Pulling 
G back to the local coordinates V x J defined near any point gives a one-parameter 
family of metrics (V, g(t)), t € J, satisfying the usual Ricci flow equation. It follows 
that all the usual evolution formulas for Riemannian curvature, Ricci curvature, and 
scalar curvature hold in this more general context. 


Of course, any ordinary Ricci flow is a generalized Ricci flow where space-time is 
a product M x I with time being the projection to J and y being the unit vector 
field in the positive J-direction. 


8.3. More definitions for generalized Ricci flows. 


DEFINITION 3.38. Let M be a space-time. Given a space C’ and an interval 
I CR we say that an embedding C x I — M is compatible with the time and the 
vector field if: (i) the restriction of t to the image agrees with the projection onto 
the second factor and (ii) for each c € C the image of {c} x I is the integral curve for 
the vector field x. If in addition C is a subset of M; we require that t € J and that 
the map C' x {t} — M; be the identity. Clearly, by the uniqueness of integral curves 
for vector fields, two such embeddings agree on their common interval of definition, 
so that, given C C M; there is a maximal interval J¢ containing ¢t such that such an 
embedding, compatible with time and the vector field, is defined on C x J. In the 
special case when C' = {x} for a point x € M; we say that such an embedding is the 
flow line through x. The embedding of the maximal interval through « compatible 
with time and the vector field y is called the domain of definition of the flow line 
through x. For a more general subset C' C M; there is an embedding C’x J compatible 
with time and the vector field y if an only if for every x € C, I is contained in the 
domain of definition of the flow line through z. 


DEFINITION 3.39. We say that t is a regular time if there is « > 0 and a diffeo- 
morphism M; x (t—¢,t+¢) > t~1((t—€,t+€)) compatible with time and the vector 
field. A time is singular if it is not regular. Notice that if all times are regular, then 
space-time is a product M; x I with t and y coming from the second factor. If the 
image t(M) is an interval I bounded below, then the initial time for the flow is the 
greatest lower bound for I. If J includes (—oo, A] for some A, then the initial time 
for the generalized Ricci flow is —oo. 





DEFINITION 3.40. Suppose that (M, G) is a generalized Ricci flow and that Q > 0 
is a positive constant. Then we can define a new generalized Ricci flow by setting 
G' = QG, t’ = Qt and y’ = Qu! y. It is easy to see that the result still satisfies 
the generalized Ricci flow equation. We denote this new generalized Ricci flow by 
(QM, QG) where the changes in t and y are denoted by the factor of Q in front of 
Mz. 

It is also possible to translate a generalized solution (M, G) by replacing the time 
function t by t’ = t+ a for any constant a, leaving G and y unchanged. 


DEFINITION 3.41. Let (M,G) be a generalized Ricci flow and let x be a point 
of space-time. Set t = t(a). For any r > 0 we define B(z,t,r) C M; to be the 
metric ball of radius r centered at x in the Riemannian manifold (M;, g(t)). For any 
At > 0 we say that P(x,t,r, At), respectively, P(x,r,t, At), exists in M if there 
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is an embedding B(z,t,r) x [t,t + At], respectively, B(x,t,r) x [t — At, t], into M 
compatible with time and the vector field. When this embedding exists, its image 
is defined to be the forward parabolic neighborhood P(x,t,r, At), respectively the 
backward parabolic neighborhood P(x,t,r, At). See Fic. Bl 


B(x,t,r) 
Pet rb) 


P(a,t,r, —At) 





FIGURE 3. Parabolic neighborhoods 


CHAPTER 4 


The maximum principle 


Recall that the maximum principle for the heat equation says that if h is a solution 
to the heat equation 
Oh 


— =Ah 
at 


on a compact manifold and if h(xz,0) > 0 for all  € M, then h(x,t) > 0 for all 
(x,t). In this chapter we discuss analogues of this result for the scalar curvature, 
the Ricci curvature, and the sectional curvature under Ricci flow. Of course, in all 
three cases we are working with quasi-linear versions of the heat equation so it is 
important to control the lower order (non-linear) terms and in particular show that 
at zero curvature they have the appropriate sign. Also, in the latter two cases we are 
working with tensors rather than with scalars and hence we require a tensor version 
of the maximum principle, which was established by Hamilton in [35]. 

As further applications of these results beyond just establishing non-negativity, we 
indicate Hamilton’s result that if the initial conditions have positive Ricci curvature 
then the solution becomes singular at finite time and as it does it becomes round 
(pinching to round). We also give Hamilton’s result showing that at points where the 
scalar curvature is sufficiently large the curvature is pinched toward positive. This 
result is crucial for understanding singularity development. As a last application, 
we give Hamilton’s Harnack inequality for Ricci flows of non-negative curvature. 

The maximum principle is used here in two different ways. The first assumes 
non-negativity of something (e.g., a curvature) at time zero and uses the maximum 
principle to establish non-negativity of this quantity at all future times. The second 
assumes non-negativity of something at all times and positivity at one point, and 
then uses the maximum principle to establish positivity at all points and all later 
times. In the latter application one compares the solution with a solution to the 
linear heat equation where such a property is known classically to hold. 


1. Maximum principle for scalar curvature 


Let us begin with the easiest evolution equation, that for the scalar curvature, 
where the argument uses only the (non-linear) version of the maximum principle. 
This result is valid in all dimensions: 


PROPOSITION 4.1. Let (M,g(t)), O<t < T, be a Ricci flow with M a compact n- 
dimensional manifold. Denote by Rmin(t) the minimum value of the scalar curvature 
of (M, g(t)). Then: 


© Rmin(t) is a non-decreasing function of t. 
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e If Rmin(0) 2 0, then 


Rin (t) = Rmin (0) (<a) ’ 


in particular, 


nr 
T< ———. 
~ 2Rinini(O) 
e If Rmin(0) < 0, then 
Rin 0 
Penal t) > n ( | 


~ 2t]Rmin(0)] +n 

PrRooF. According to Equation (3.7), the evolution equation for R is 
0 

ales) = AR(z,t) + 2|Ric(z, t)|?. 


Since M is compact, the function Rpin(t) is continuous but may not be C | at points 
where the minimum of the scalar curvature is achieved at more than one point. 
The first thing to notice is the following: 


CLAIM 4.2. If R(x,t) = Rmin(t) then (OR/Ot)(a,t) > 2R?(zx,t). 


PrRooFr. This is immediate from the evolution equation for R, the fact that if 
R(az,t) = Rmin(t), then AR(z,t) > 0, and the fact that R is the trace of Ric which 
implies by the Cauchy-Schwarz inequality that |R|? < n|Ric|?. O 





Now it follows that: 


CLAIM 4.3. 
d 29 
“(Rrnin(#)) > —Resalt) 
where, at times t where Ryin(t) is not smooth, this inequality is interpreted as an 
inequality for the forward difference quotients. 





PrRooF. This is immediate from the first statement in Proposition [2.23 O 


If follows immediately from Claim and Lemma [2.22] that Rmin(t) is a non- 
decreasing function of t. This establishes the first item and also the second item in 
the case when Rypin(0) = 0. 

Suppose that Rmin(0) 4 0. Consider the function 

—1 2t 1 
aa ee, 

Rin(t) n Rmin(0) 
Clearly, S(0) = 0 and S’(t) > 0 (in the sense of forward difference quotients), so 
that by Lemma [2.22] we have S(t) > 0 for all t. This means that 


1 1 2t 
4.1 a fe 
( ) Rial t) — Rmin(O) nr 
provided that Rin is not ever zero on the interval [0,¢]. If Rmin(0) > 0, then by 
the first item, Rmin(t) > 0 for all ¢ for which the flow is defined, and the inequality 


in the second item of the proposition is immediate from Equation (4.1). The third 


S(t) = 
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inequality in the proposition also follows easily from Equation (4.1) when Rypin(t) < 
0. But if Rmin(t) > 0, then the third item is obvious. O 





2. The maximum principle for tensors 


For the applications to the Ricci curvature and the curvature tensor we need a 
version of the maximum principle for tensors that is due to Hamilton; see [30]. 

Suppose that V is a finite-dimensional real vector space and Z C V is a closed 
convex set. For each z in the frontier of Z we define the tangent cone to Z at z, 
denoted T, Z, to be the intersection of all closed half-spaces H of V such that z € 0H 
and Z C H. For z € int Z we define T,Z = V. Notice that v ¢ T,Z if and only if 
there is a affine linear function @ vanishing at z non-positive on Z and positive on v. 


DEFINITION 4.4. Let Z be a closed convex subset of a finite-dimensional real 
vector space V. We say that a smooth vector field ~ defined on an open neighborhood 
U of Z in V preserves Z if for every z € Z we have y(z) € T,Z. 


It is an easy exercise to show the following; see Lemma 4.1 on page 183 of [30): 


LEMMA 4.5. Let Z be a closed convex subset in a finite dimensional real vector 
space V. Let w be a smooth vector field defined on an open neighborhood of Z in 
V. Then w preserves Z if and only if every integral curve y: [0,a) > V for w with 
(0) € Z has y(t) € Z for allt € [0,a). Said more informally, w preserves Z if and 
only if every integral curve for w that starts in Z remains in Z. 


2.1. The global version. The maximum principle for tensors generalizes this 
to tensor flows evolving by parabolic equations. First we introduce a generalization 
of the notion of a vector field preserving a closed convex set to the context of vector 
bundles. 


DEFINITION 4.6. Let 7: V — M be a vector bundle and let Z C V be a closed 
subset. We say that Z is convex if for every x € M the fiber Z, of Z over x is a 
convex subset of the vector space fiber V; of V over x. Let w be a fiberwise vector 
field on an open neighborhood U of Z in V. We say that w preserves Z if for each 
xz € M the restriction of w to the fiber U, of U over x preserves Zy. 


The following global version of the maximum principle for tensors is Theorem 4.2 


of [80]. 


THEOREM 4.7. (The maximum principle for tensors) Let (M,g) be a com- 
pact Riemannian manifold. Let V > M be a tensor bundle and let Z C V be a closed, 
conver subset invariant under the parallel translation induced by the Levi-Civita con- 
nection. Suppose that w is a fiberwise vector field defined on an open neighborhood 
of Z in V that preserves Z. Suppose that T(z,t), 0<t < T, is a one-parameter 
family of sections of V that evolves according to the parabolic equation 


OT 
= aT DT). 
If T(x,0) is contained in Z for all x € M, then T(a,t) is contained in Z for all 


xEM and for allO<t<T. 
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For a proof we refer the reader to Theorem 4.3 and its proof (and the related 
Theorem 4.2 and its proof) in [30]. 

There is a slight improvement of this result where the convex set Z is allowed to 
vary with t. It is proved by the same argument; see Theorem 4.8 on page 101 of 
13]. 


THEOREM 4.8. Let (M,g) be a compact Riemannian manifold. Let V + M be 
a tensor bundle and let Z C V x [0,T] be a closed subset with the property that 
for each t € [0,T] the time-slice Z(t) is a conver subset of V x {t} invariant under 
the parallel translation induced by the Levi-Civita connection. Suppose that w is a 
fiberwise vector field defined on an open neighborhood of Z in V x|0,T] that preserves 
the family Z(t) in the sense that any integral curve y(t), to <t < ti, for w with 
the property that y(to) € Z(to) has y(t) € Z(t) for every t € |to,ti]. Suppose that 
T(a,t), O0<t<T, is a one-parameter family of sections of V that evolves according 
to the parabolic equation 


OT 
If T(x,0) ts contained in Z(0) for all x € M, then T(x,t) is contained in Z(t) for 


alla © M and for alO<t<T. 


2.2. The local version. Here is the local result. It is proved by the same 
argument as given in the proof of Theorem 4.3 in [30]. 


THEOREM 4.9. Let (M,g) be a Riemannian manifold. Let U C M be a compact, 
smooth, connected, codimension-0 submanifold. Let V — M be a tensor bundle 
and let Z C V be a closed, conver subset. Suppose that w is a fiberwise vector field 
defined on an open neighborhood of Z in V preserving Z. Suppose that Z is invariant 
under the parallel translation induced by the Levi-Civita connection. Suppose that 
T (x,t), 0<t<T, is a one-parameter family of sections of V that evolves according 
to the parabolic equation 


OT 
If T(x,0) is contained in Z for alla € U and if T(x,t) € Z for all x € OU and all 


0<t<T, then T(z,t) is contained in Z for alla €U and all0<t<T. 


3. Applications of the maximum principle 


Now let us give some applications of these results to Riemann and Ricci curvature. 
In order to do this we first need to specialize the above general maximum principles 
for tensors to the situation of the curvature. 


3.1. Ricci flows with normalized initial conditions. As we have already 
seen, the Ricci flow equation is invariant under multiplying space and time by the 
same scale. This means that there can be no absolute constants in the results about 
Ricci surgery. To break this gauge symmetry and make the constants absolute we 
impose scale fixing (or rather scale bounding) conditions on the initial metrics of 
the flows that we shall consider. The following definition makes precise the exact 
conditions that we shall use. 
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DEFINITION 4.10. We say that a that a Ricci flow (IM, g(t)) has normalized initial 
conditions if 0 is the initial time for the flow and if the compact Riemannian manifold 
(M”, g(0)) satisfies: 


(1) |Rm(z,0)| <1 for alla e M. 
(2) Let w, be the volume of the ball of radius 1 in n -dimensional Euclidean 
space. Then Vol(B(x,0,1r)) > (w,/2)r” for any p € M and any r < 1. 


We also use the terminology (M, g(0)) is normalized to indicate that it satisfies these 
two conditions. 


The evolution equation for the Riemann curvature and a standard maximum 
principle argument show that if (7,g(0)) has an upper bound on the Riemann 
curvature and a lower bound on the volume of balls of a fixed radius, then the flow 
has Riemann curvature bounded above and volumes of balls bounded below on a 
fixed time interval. Here is the result in the context of normalized initial condition. 


PROPOSITION 4.11. There is kg > 0 depending only on the dimension n such 
that the following holds. Let (M",g(t)), O<t< T, be a Ricci flow with bounded 
curvature, with each (M, g(t)) being complete, and with normalized initial conditions. 
Then |Rm(a,t)| <2 for allx € M and allt € [0,min(T,2~‘)]. Furthermore, for any 
t € [0,min(T,2~-*)] and any x € M and any r <1 we have Vol B(az,t,r) > Kor”. 


Proor. The bound on the Riemann curvature follows directly from Lemma 6.1 
on page 207 of and the definition of normalized initial conditions. Once we 
know that the Riemann curvature is bounded by 2 on [0,2~+], there is an 0 < ro 
depending on n such that for every x € M and every r < ro we have B(x,0,ror) C 
B(a,t,r) C B(x,0,1). Also, from the bound on the Riemann curvature and the 
evolution equation for volume given in Equation (3.7), we see that there is A < oo 
such that Vol; (B(x, 0,s)) > A~!Volo (B(z,0,s)). Putting this together we see that 


Vol, (B(x, t,r) > AT (wn /2)ror”. 





This proves the result. L 


3.2. Extending flows. There is one other consequence that will be important 
for us. For a reference see Theorem 6.3 on page 208. 


PROPOSITION 4.12. Let (M,g(t)), O< t < T < ow, be a Ricci flow with M 
a compact manifold. Then either the flow extends to an interval [0,T') for some 
T' >T or |Rm| is unbounded on M x [0,T). 


3.3. Non-negative curvature is preserved. We need to consider the tensor 
versions of the maximum principle when the tensor in question is the Riemann or 
Ricci curvature and the evolution equation is that induced by the Ricci flow. This 
part of the discussion is valid in dimension three only. We begin by evaluating the 
expressions in Equation (8.19) in the 3-dimensional case. Fix a symmetric bilinear 
form S on a 3-dimensional real vector space V with a positive definite inner product. 
The inner product determines an identification of A2V with V*. Hence, A?S* is 
identified with a symmetric automorphism of V, denoted by S?. 
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LEMMA 4.13. Let (M,g) be a Riemannian 3-manifold. Let T € Sym?(A2T*M) 
be the curvature operator written with respect to the evolving frame as in Proposi- 
tion[3.19 Then the evolution equation given in Proposition is: 


OT 
— =AT T 
a = AT +2) 
where 
Y(T) =T?4+T?. 
In particular, in an orthonormal basis in which 
rA 0 0 
T=;0 uw 0 
0 0 Vv 
with X> > v, the vector field is given by 
d? + py 0 0 
W(T) =T?+Tt= 0 we? + Av 0 
0 0 v2 + Ap 


CorROLLARY 4.14. Let (M,g(t)), O<t<T, be a Ricci flow with M a compact, 
connected 3-manifold. Suppose that Rm(z,0) > 0 for alla € M. Then Rm(z,t) > 0 
for alla € M and allt € (0,T]. 


Proor. Let vz: Sym?(A?T*M) — R associate to each endomorphism its small- 
est eigenvalue. Then v,(T) is the minimum over all lines in A?T,M of the trace of 
the restriction of T to that line. As a minimum of linear functions, vz is a convex 
function. In particular, Z, = v;'([0,0o)) is a convex subset. We let Z be the 
union over all x of Z,. Clearly, Z is a closed convex subset of the tensor bundle. 
Since parallel translation is orthogonal, Z is invariant under parallel translation. 
The expressions in Lemma [4.13]show that if T is an endomorphism of pet? M with 
v(Z) > 0, then the symmetric matrix 7)(J7) is non-negative. This implies that vz is 
non-decreasing in the direction ~(T) at the point J. That is to say, for each x € M, 
the vector field (7) preserves the set {v7 1+([c,0o))} for any c > 0. The hypothesis 
that Rm(xz,0) > 0 means that Rm(x,0) € Z for all 2 € M. Applying Theorem [4.7] 
proves the result. Oo 





COROLLARY 4.15. Suppose that (M,g(t)), O<t<T, is a Ricci flow with M a 
compact, connected 3-manifold with Ric(x,0) > 0 for alla € M. Then Ric(z,t) > 0 
for allt > 0. 


Proor. The statement that Ric(x,t) > 0 is equivalent to the statement that for 
every two-plane in A?T;,M the trace of the Riemann curvature operator on this plane 
is > 0. For T € Sym?(A?T*M), we define s(T) as the minimum over all two-planes 
P in A?TM of the trace of T on P. The restriction s,, of s to the fiber over x is the 
minimum of a collection of linear functions and hence is convex. Thus, the subset 
S = s~'([0,00)) is convex. Clearly, s is preserved by orthogonal isomorphisms, 
so & is invariant under parallel translation. Let \ > uw > v be the eigenvalues of 
T. According to Lemma the derivative of s,; at T in the 7(T)-direction is 
(uw? + Av) + (Vv? + Ap) = (uw? +?) +XA(u+v). The condition that s(T) > 0, is the 
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condition that v + u > 0, and hence pz > 0, implying that 4 > 0. Thus, if s(T) > 0, 
it is also the case that the derivatifve of s; in the w(T)-direction is non-negative. 
This implies that ~ preserves S. Applying Theorem [4.7] gives the result. O 





4. The strong maximum principle for curvature 
First let us state the strong maximum principle for the heat equation. 


THEOREM 4.16. Let U be a compact, connected manifold, possibly with boundary. 
Let h(x,t), 0<t<T, be a solution to the heat equation 
Oh(z, t) 
Ot 
Suppose that h has Dirichlet boundary conditions in the sense that h(x,t) = 0 for 
all (x,t) € OU x [0,T]. If h(x,0) > 0 for all x € U, then h(x,t) > 0 for all 
(x,t) €U x [0,T]. If, in addition, there is y € U with h(y,0) > 0, then h(x,t) > 0 


for all (x,t) € int(U) x (0, 7]. 





= A(t). 


We shall use this strong maximum principle to establish an analogous result for 
the curvature tensors. The hypotheses are in some ways more restrictive — they are 
set up to apply to the Riemann and Ricci curvature. 


PROPOSITION 4.17. Let (M,g) be a Riemannian manifold and let V be a tensor 
bundle. Suppose that U is a compact, connected, smooth codimension-0 submanifold 
of M. Consider a one-parameter family of sections T(x,t), 0 < t < T, of V. 
Suppose that T evolves according to the equation 

OT 
oe AT +Y(T) 
for some smooth, fiberwise vector field y(T) defined on V. Suppose that s: V > R 
is a function satisfying the following properties: 
(1) For each x € M the restriction s, to the fiber V, of V over x is a convex 
function. 
(2) For any A satisfying s,(A) > 0 the vector w(A) is contained in the tangent 
cone of the convex set {y|sxz(y) > sz(A) at the point A. 
(3) s is invariant under parallel translation. 


Suppose that s(T(x,0)) > 0 for all x € U and that s(T(x,t)) > 0 for all x € OU 


and allt € [0,T]. Suppose also that there is xq € int(U) with s(T(xo,0)) > 0. Then 


s(T(az,t)) > 0 for all (x,t) € int(U) x (0,T]. 
Proor. Let h: U x {0} > R be a smooth function with h(z,0) = 0 for all 
x € OU and with s(T(x,0)) > h(#,0) > 0 for all « € U. We choose h so that 
h(ao,0) > 0. Let h(a,t), 0 < t < ov, be the solution to the heat equation on U 
Oh 
a 
with Dirichlet boundary conditions h(x,t) = 0 for all 2 € OU and all t > 0 and with 


the given initial conditions. 
Consider the tensor bundle V @ R over M. We define 


Zz = {(T,h) € Ve @R|s2(T) > h > O}. 


Ah 
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The union over all x € M of the Z, defines a closed convex subset Z C V@R which 
is invariant under parallel translation since s is. We consider the family of sections 
(T (x,t), h(x, t)), O<t<T, of V@R. These evolve by 
d(T (x,t), h(x, t)) 
dt 
where wT ,h) = (W(T), 0). Clearly, by our hypotheses, the vector field w preserves 
the convex set Z. Applying the local version of the maximum principle (Theo- 
rem [4.9), we conclude that T(zx,t) > h(z,t) for all (2,t) € U x [0,7]. 
The result then follows immediately from Theorem [4.16] O 


= (AT(z,t), Ah(z,t)) +b (T(z, t), A(z, t)) 





4.1. Applications of the strong maximum principle. We have the follow- 
ing applications of the strong maximum principle. 


THEOREM 4.18. Let (U,g(t)), 0 < t < T, be a 3-dimensional Ricci flow with 
non-negative sectional curvature with U connected but not necessarily complete and 
with T > 0. If R(p,T) = 0 for some p € U, then (U, g(t)) is flat for every t € [0,T). 


Proor. We suppose that there is p € U with R(p,T) = 0. Since all the metrics 
in the flow are of non-negative sectional curvature, if the flow does not consist 
entirely of flat manifolds then there is (q,t) € U x [0,7] with R(q,t) > 0. Clearly, 
by continuity, we can assume t < T. By restricting to the time interval |t,T] and 
shifting by —t we can arrange that t = 0. Let V be a compact, connected smooth 
submanifold with boundary whose interior contains g and p. Let h(y,0) be a smooth 
non-negative function with support in V, positive at g, such that R(y,0) > h(y,0) 
for all y € V. Let h(y,t) be the solution to the heat equation on V x [0,7] that 
vanishes on OV. Of course, h(y, 7’) > 0 for all y € int(V). Also, from Equation (8.7) 
we have 9 


HR — bh) = A(R-h) + 2|Ric|?, 
so that (R—h)(y,0) > 0 on (V x {0}) U(OV x [0,7]). It follows from the maximum 


principle that (R — h) > 0 on all of V x [0,7]. In particular, R(p,T) > h(p,T) > 0. 
This is a contradiction, establishing the theorem. O 





COROLLARY 4.19. Fiz T > 0. Suppose that (U,g(t)), O< t < T, is a Ricci 
flow such that for each t, the Riemannian manifold (U,g(t)) is a (not necessarily 
complete) connected, 3-manifold of non-negative sectional curvature. Suppose that 
(U,g(0)) is not flat and that for some p € M the Ricci curvature at (p,T) has a 
zero eigenvalue. Then for each t € (0,T] the Riemannian manifold (U,g(t)) splits 
locally as a product of a surface of positive curvature and a line, and under this local 
splitting the flow is locally the product of a Ricci flow on the surface and the trivial 
flow on the line. 


PRooF. First notice that it follows from Theorem [4.18]that because (U, g(0)) is 
not flat, we have R(y,t) > 0 for every (y,t) € U x (0,7). 

We consider the function s on Sym? (A2T*U ) that associates to each endomor- 
phism the sum of the smallest 2 eigenvalues. Then s, is the minimum of the traces 
on 2-dimensional subsets in APT . Thus, s is a convex function, and the subset 
S = s7'([0,00)) is a convex subset. Clearly, this subset is invariant under parallel 
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translation. By the computations in the proof of Corollary [4.15]it is invariant under 
the vector field 7(Z). The hypothesis of the corollary tells us that s(p,T) = 0. 
Suppose that s(q,t) > 0 for some (q,t) € U x [0,T]. Of course, by continuity we can 
take t < T. Shift the time parameter so that ¢ = 0, and fix a compact connected, 
codimension-0 submanifold V containing p,q in its interior. Then by Theorem [4.17] 
s(y,T) > 0 for all y € int(V) and in particular s(p,7T) > 0. This is a contradiction, 
and we conclude that s(q,t) = 0 for all (q,t) € U x (0,7). 

Since we have already established that each R(y,t) > 0 for all (y,t) € U x (0, 7}, 
so that Rm(y,t) is not identically zero, this means that for all y € U and all t € 
(0,7] that the null space of the operator Rm(y,t) is a 2-dimensional subspace of 
els . This 2-dimensional subspace is dual to a line in T,;M. Thus, we have a 
one-dimensional distribution (a line bundle in the tangent bundle) D in U x (0,T] 
with the property that the sectional curvature Rm(y,t) vanishes on any 2-plane 
containing the line D(y,t). The fact that the sectional curvature of g(t) vanishes 
on all two-planes in TM containing D(y,t) means that its eigenvalues are {A, 0,0} 
where A > 0 is the sectional curvature of the g(t)-orthogonal 2-plane to D(y,t). 
Hence R(V (y, t),:,-,°) = 0. 

Locally in space and time, there is a unique (up to sign) vector field V(y,t) that 
generates D and satisfies IV. Oey = 1. We wish to show that this local vector 
field is invariant under parallel translation and time translation; cf. Lemma 8.2 in 
. Fix a point x € M, a direction X at x, and a time t. Let V(y,t) be a parallel 
extension of V(x,t) along a curve C passing through x in the X-direction, and let 
Wy, t) be an arbitrary parallel vector field along C’. Since the sectional curvature 
is non-negative, we have R(V,W,V,W)(y) > 0 for all y € C; furthermore, this 
expression vanishes at x. Hence, its first variation vanishes at x. That is to say 


V (RIV,W,V,W)) (x,t) = (VR)(V,W,V,W) 


vanishes at (x,t). Since this is true for all W, it follows that the null space of the 
quadratic form VR(x,t) contains the null space of R(x,t), and thus 


(VR)(V (a, t),-,-,-) =0. 


Now let us consider three parallel vector fields Ww, Wo, and W3 along C. We compute 
cave (RIV, 0), Wily,t), Waly, t), Waly, t))). (Notice that while the W; are 
parallel along C, V(y,t) is defined to be the vector field spanning D(y,t) rather 
than a parallel extension of V(z,t).) Given the above result we find that 


0 = 2R(VxV (a, t), Wi (2, t), Wo(z, t), W3(z, t)). 


Since this is true for all triples of vector fields W,(z, t), it follows that VxV (za, t) 
is a real multiple of V(z,t). But since Vy, t) ey = 1, we see that VxV(z,t) is 
orthogonal to V(a,t). We conclude that VxV(a,t) = 0. Since x and X are general, 
this shows that the local vector field V (a, t) is invariant under the parallel translation 
associated to the metric g(t). 
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It follows that locally (M, g(t)) is a Riemannian product of a surface of positive 
curvature with a line. Under this product decomposition, the curvature is the pull- 
back of the curvature of the surface. Hence, by Equation (8.5), under Ricci flow 
on the 3-manifold, the time derivative of the curvature at time ¢t also decomposes 
as the pullback of the time derivative of the curvature of the surface under Ricci 
flow on the surface. In particular, (OR/Ot)(V,-,-,-) = 0. It now follows easily that 
OV (ax, t)/Ot = 0. 

This completes the proof that the unit vector field in the direction D(z, t) is 
invariant under parallel translation and under time translation. Thus, there is a local 
Riemannian splitting of the 3-manifold into a surface and a line, and this splitting 
is invariant under the Ricci flow. This completes the proof of the corollary. O 





In the complete case, this local product decomposition globalizes in some cover; 
see Lemma 9.1 in [30]. 


COROLLARY 4.20. Suppose that (M,g(t)), 0<t<T, is a Ricci flow of complete, 
connected Riemannian 3-manifolds with Rm(x,t) > 0 for all (x,t) and with T > 0. 
Suppose that (M,g(0)) is not flat and that for some x € M the endomorphism 
Rm(z,T) has a zero eigenvalue. Then M has a cover M such that, denoting the 
induced family of metrics on this cover by g(t), we have that (M, g(t)) splits as a 
product 

(N, h(t)) x (R, ds”) 
where (N,h(t)) is a surface of positive curvature for all0 <t<T. The Ricci flow 
is a product of the Ricci flow (N,h(t)), O0<t<T, with the trivial flow on R. 


REMARK 4.21. Notice that there are only four possibilities for the cover required 
by the corollary. It can be trivial, or a normal Z-cover or it can be a two-sheeted 
cover or a normal infinite dihedral group cover. In the first two cases, there is a unit 
vector field on M parallel under g(t) for all ¢ spanning the null direction of Ric. In 
the last two cases, there is no such vector field, only a non-orientable line field. 


Let (N,g) be a Riemannian manifold. Recall from Definition [14] that the open 
cone on (N,g) is the space N x (0,00) with the Riemannian metric g(x, s) = s?g(x)+ 
ds*. An extremely important result for us is that open pieces in non-flat cones cannot 
arise as the result of Ricci flow with non-negative curvature. 


PROPOSITION 4.22. Suppose that (U,g(t)), O<t< T, is a 3-dimensional Ricci 
flow with non-negative sectional curvature, with U being connected but not neces- 
sarily complete and T > 0. Suppose that (U,g(T)) is isometric to a non-empty 
open subset of a cone over a Riemannian manifold. Then (U,g(t)) is flat for every 
t € [0,7]. 


ProoF. If (U,g(T)) is flat, then by Theorem [4.18] for every t € [0,7] the Rie- 
mannian manifold (U, g(t)) is flat. 

We must rule out the possibility that (U, g(T)) is non-flat. Suppose that (U, g(T)) 
is an open subset in a non-flat cone. According to Proposition [L.15] for each x € U 
the Riemann curvature tensor of (U,g(T)) at x has a 2-dimensional null space in 
A*T,U. Since we are assuming that (U,g(T)) is not flat, the third eigenvalue of 
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the Riemann curvature tensor is not identically zero. Restricting to a smaller open 
subset if necessary, we can assume that the third eigenvalue is never zero. By the 
computations in Proposition[L.15]the non-zero eigenvalue is not constant, and in fact 
it scales by s~? in the terminology of that proposition, as we move along the cone 
lines. Of course, the 2-dimensional null-space for the Riemann curvature tensor 
at each point is equivalent to a line field in the tangent bundle of the manifold. 
Clearly, that line field is the line field along the cone lines. Corollary says 
that since the Riemann curvature of (U,g(T)) has a 2-dimensional null-space in 
A°T,U at every point x € U, the Riemannian manifold (U,g(T)) locally splits as 
a Riemannian product of a line with a surface of positive curvature, and the 2- 
dimensional null-space for the Riemannian curvature tensor is equivalent to the line 
field in the direction of the second factor. Along these lines the non-zero eigenvalue 
of the curvature is constant. This is a contradiction and establishes the result. UO 





Lastly, we have Hamilton’s result (Theorem 15.1 in [29]) that compact 3-manifolds 
of non-negative Ricci curvature become round under Ricci flow: 


THEOREM 4.23. Suppose that (M,g(t)), 0<t<T, is a Ricci flow with M being 
a compact 3-dimensional manifold. If Ric(x,0) > 0 for all x € M, then either 
Ric(z,t) > 0 for all (x,t) € M x (0,T) or Ric(z,t) = 0 for all (x,t) € M x [0,T). 
Suppose that Ric(x,t) > 0 for some (x,t) and that the flow is maximal in the sense 
that there is no T’ > T and an extension of the given flow to a flow defined on the 
time interval [0,T"). For each (x,t), let \(a,t), resp. v(x,t), denote the largest, resp. 
smallest, eigenvalue of Rm(x,t) on A?T,M. Then as t tends to T the Riemannian 
manifolds (M, g(t)) are becoming round in the sense that 


liny..7——————_ = 


Furthermore, for any x € M the largest eigenvalue \(x,t) tends to co as t tends 
to T, and rescaling (M,g(t)) by (x,t) produces a family of Riemannian manifolds 
converging smoothly as t goes to T to a compact round manifold. In particular, 
the underlying smooth manifold supports a Riemannian metric of constant positive 
curvature so that the manifold is diffeomorphic to a 3-dimensional spherical space- 
form. 


Hamilton’s proof in [29] uses the maximum principle and Shi’s derivative esti- 
mates. 


4.2. Solitons of positive curvature. One nice application of this pinching 
result is the following theorem. 


THEOREM 4.24. Let (M,g) be a compact 3-dimensional soliton of positive Ricci 
curvature. Then (M,g) is round. In particular, (M,g) is the quotient of S? with 
a round metric by a finite subgroup of O(4) acting freely; that is to say, M is a 
3-dimensional spherical space-form. 


Proor. Let (M,g(t)), 0<t< TT, be the maximal Ricci flow with initial man- 
ifold (M,g). Since Ric(x,0) > 0 for all x € M, it follows from Theorem [4.23] that 
T < o and that as t tends to T the metrics g(t) converge smoothly to a round 
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metric. Since all the manifolds (IM, g(t)) are isometric up to diffeomorphism and 
a constant conformal factor, this implies that all the g(t) are of constant positive 
curvature. 

The last statement is a standard consequence of the fact that the manifold has 
constant positive curvature. O 





REMARK 4.25. After we give a stronger pinching result in the next section, we 
shall improve this result, replacing the positive Ricci curvature assumption by the 
a priori weaker assumption that the soliton is a shrinking soliton. 


5. Pinching toward positive curvature 


As the last application of the maximum principle for tensors we give a theorem 
due to R. Hamilton (Theorem 4.1 in [36]) and T. Ivey which shows that, in 
dimension three, as the scalar curvature gets large, the sectional curvatures pinch 
toward the positive. Of course, if the sectional curvatures are non-negative, then 
the results in the previous section apply. Here, we are considering the case when the 
sectional curvature is not everywhere positive. The pinching result says roughly the 
following: At points where the Riemann curvature tensor has a negative eigenvalue, 
the smallest (thus negative) eigenvalue of the Riemann curvature tensor divided by 
the largest eigenvalue limits to zero as the scalar curvature grows. This result is 
central in the analysis of singularity development in finite time for a 3-dimensional 
Ricci flow. 


THEOREM 4.26. (Pinching toward positive curvature) Let (M,g(t)), 0 < 
t< TT, be a Ricci flow with M a compact 3-manifold. Assume at for every x € M, 
the eigenvalues, \(x,0) > p(x,0) > v(x,0), of Rm(x,t) are all at least —1. Set 
X (x,t) = max(—v(z,t),0). Then we have: 

(1) R(et) > Te and 
(2) for all (x,t) for which 0 < X(a,t) 


R(a,t) > 2X (a, t) (logX (x,t) + log(1 + t) — 3). 


For any fixed t, the limit as X goes to 0 from above of X (log(X) + log(1 +t) — 3) 
is zero, so that it is natural to interpret this expression to be zero when X = 0. Of 
course, when X(z,t) = 0 all the eigenvalues of Rm(z,t) are non-negative so that 
R(«,t) > 0 as well. Thus, with this interpretation of the expression in Part 2 of the 
theorem, it remains valid even when X (x,t) = 0. 


REMARK 4.27. This theorem tells us, among other things, that as the scalar 
curvature goes to infinity then absolute values of all the negative eigenvalues (if 
any) of Rm are arbitrarily small with respect to the scalar curvature. 


We proof we give below follows Hamilton’s original proof in very closely. 


PROoF. First note that by Proposition if Rmin(O) > 0, then the same is 
true for Rmin(t) for every t > 0 and thus the first inequality stated in the theorem is 
clearly true. If Rmin(0) < 0, the first inequality stated in the theorem follows easily 
from the last inequality in Proposition [4.1] 
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We turn now to the second inequality in the statement of the theorem. Consider 
the tensor bundle V = Sym?(A?T*M). Then the curvature operator written in the 
evolving frame, T (x,t), is a one-parameter family of smooth sections of this bundle, 
evolving by 

OT 

a= AT + (7). 
We consider two subsets of VY. There are two solutions to x(log(x) + (log(1+t) —3) = 
—3/(1+t). One is x = 1/(1 +t); let €(t) > 1/(1 +t) be the other. We set 
S(T) =tr(T), so that R = 2S, and we set X(T) = max(—v(T),0). Define 


3 
Z(t) = {T €V|S(T)= -T+7! 
Z(t) = {TeV|ST)>fA(x)), if X(T) > EO}, 


where f;(x) = x(logx + log(1 +t) — 3). Then we define 
Z(t) = Zi(t) N Zo(t). 


CLAIM 4.28. For each x € M and each t > 0, the fiber Z(x,t) of Z(t) over x is 
a conver subset of Sym?(A?T*M). 


ProoF. First consider the function fi(x) = x(log(#) + log(1 + t) — 3) on the 
interval [€(t),co). Direct computation shows that f’(2) > 0 and f”(x) > 0 on 
this interval. Hence, for every t > 0 the region C(t) in the S-X plane defined by 
S > -3/(1+t) and S > f;(X) when X > €(t) is convex and has the property that 
if (S,X) € C(t) then so is (S,X’) for all X’ < X. (See Fic. I). By definition an 
element T € V is contained in Z(t) if and only if (S(7), X(T) € C(t). Now fix 
t > 0 and suppose that J, and T are elements of Sym?(A?T*M,) such that setting 
S; = tr(Zj) and X; = X(Z) we have (S;, X;) € C(t) for 1 = 1,2. Then we consider 
T =sT,+(1—s)T for some s € [0,1]. Let S = tr(T) and X = X(T). Since C(t) is 
convex, we know that (5; + (1 — s)S9,sX + (1 —s)X2) € C(t), so that T € Z(t). 
Clearly, S = 5S, + (1—s)S, so that we conclude that (S, (sX 1+ (1—s)X2)) € C(E). 
But since v is a convex function, X is a concave function, i.e., X < 5X ,+(1—s)X9. 
Hence (5, X) € C(t). Oo 





CLAIM 4.29. T(x,0) € Z(x,0) for allae M. 
ProoF. Note that by the hypothesis of the theorem we have 
v(x,0) + u(x, 0) + A(x, 0) > —3 


so (S(x,0), X(x,0)) € C(O) for all 2 € M. On the other hand, if 0 < X(z,0), then 
since X(x,0) < 1 we have S(x,0) > —3X(x,0) > X(logX — 3). This completes the 
proof that T(z,0) € C(0) for alla e M. 0 





CLAIM 4.30. The vector field y(T) =T?+T* preserves the family Z(t) of convex 
sets. 


Proor. Fix « € M and suppose that we have an integral curve y(t), tp <t < T, 
for w with (to) € Z(x, to). We wish to show that y(t) € Z(x,t) for all t € [to, T]. 
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§ 





FIGURE 1. Curvature convex set 


The function S(t) = S(y(t)) satisfies 
Saute byt Apt ody + py = 
By Cauchy-Schwarz we have 


(Atm? + Atv? 4+ (u+v)?). 








Notre 


4S? 


(A+ u)?+A+v)? + (u+v)?) > => 


25? 
3 3 

Since 7(to) € Z(x,to) we have S(to) > —3/(1 + to). It then follows that 
(4.2) S(t) >-3/(1+t) forall t> 


Now let us consider the evolution of X(t) = X(7(t)). Assume that we are at a 
point t for which X(t) > 0. For this computation we set Y = —p. 


a 





dX dv 2 9 
a a Eve 
Bway =p 474+ + pr+yr04+ vp 


= X*+Y7 44 XY -NMX+Y). 
Putting this together yields 
dS dX 
4. X—-(84+X)—=X%4+I 
(4.3) =~ (8+ XJ =X84I, 
where I = XY2+ \Y(Y — X)+A7(X -Y). 





CLAIM 4.31. I > 0. 


PRooF. First we consider the case when Y < 0. This means that pw > 0 and 
hence that A > 0. Since by definition X > 0, we have X > Y. This immediately 
gives I > 0. Now let us consider the case when Y > 0 which means that v < p< 0. 
In this case, we have 





fee aa ode, Saas | Ogee Vee asa) 
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since X >Y and 2 =aY+¥?=(\-4)° + 22 20. o 


The above claim and Equation (4.3) immediately imply that 
dS dX 


4.4 x—- x) 2x, 

(4.4) Fie ams era 

Set W = = — log X, then rewriting Equation (4.4) in terms of W gives 
dW 

4. — > X. 

(4.5) Le 


Now suppose that y(t) ¢ Z(a,t) for some t € [to,T]. Let t; < T be maximal 
subject to the condition that y(t) € Z(a,t) for all tp < t < t,. Of course, 7(t1) € 
OZ(x,t,) which implies that (S(t,), X(t1)) € OC(t,). There are two possibilities: 
either S(t,) = —3/(1 +41) and X(ti) < €(t1) or X(H1) > €(t1) > 1/(1 +t) and 
S(ti) = fi,(X(t1)). But Equation (42) implies that S(t) > —3/(1 +t) for all t. 
Hence, if the first case holds then y(t) € Z(x,t) for t in some interval [to, 4] with 
t, > ti. This contradicts the maximality of t;. Thus, it must be the case that 
X(t1) > €(t1). But then X(t) > a for all t sufficiently close to t;. Hence, by 
Equation (4.5) we have 

dw 1 

SP W2xXO> > 
for all ¢ sufficiently close to t;. Also, since S(ti) = fi,(X(t1)), we have W(t,) = 
(log(1 + t1) — 3). It follows immediately that W(t) > (log(1 + t) — 3) for allt > ty 
sufficiently close to tj. This proves that S(t) > f,(X(t)) for all t > t, sufficiently 
close to t1, again contradicting the maximality of ¢,. 

This contradiction proves that ~ preserves the family Z(t). O 





By Theorem[4.8] the previous three claims imply that T (x,t) € Z(t) for alla ¢ M 
and all ¢ € (0,7). That is to say, S(a,t) > —3/(1+ +t) and S(a,t) > fi(X(z,t)) 
whenever X (x,t) > €(t). For X € [1/(1 +t), €(t)| we have f;(X) < —3/(1+t), and 
thus in fact S(a,t) > f:(X(ax,t)) as long as X(x,t) > 1/(1+t). On the other hand, 
if 0 < X(a#,t) < 1/(1 +1) then f,(X(z,t)) < —3X(z,t) < S(z,t). On the other 
hand, since X(a,t) is the negative of the smallest eigenvalue of T (x,t) and S(z,t) 
is the trace of this matrix, we have S(z,t) > —3X(az,t). Thus, S(a#,t) > fi(X(z, t)) 
in this case as well. This completes the proof of Theorem [4.26] O 





Actually, the proof establishes a stronger result which we shall need. 


THEOREM 4.32. Fira > 0. Let (M,g(t)), a<t< T, be a Ricci flow with M 
a compact 3-manifold. Suppose the eigenvalues of Rm(a,t) are (x,t) > u(x,t) > 
v(x,t) and set X(x,t) = max(—v(a,t),0). Assume that for every x € M we have 
—6 
So 
Hee) 4a+1 


and 
R(ax,a) > 2X (x, a) (logX (x, a) + log(1 + a) — 3), 
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where the second inequality holds whenever X(x,a) >0. Then for alla<t<T we 
have: 


—6 
(4.6) R(a,t) = tas 
(4.7) R(z,t) > 2X(a,t) (logX (x,t) + log(1 +t) — 3), 


whenever X (x,t) > 0. 


Once again it is natural to interpret the right-hand side of the inequalities relating 
Rand X to be zero when X(z,t) = 0. With this convention the result remains true 
even when X(z,t) =0. 


COROLLARY 4.33. Fiza > 0. Suppose that (M,g(t)), a<t<T, is a Ricci flow 
with M a compact 3-manifold, and suppose that the two hypotheses of the previous 
theorem hold. Then there is a continuous function @ such that for all Ro < ov, if 
R(x,t) < Ro then |Rm(z,t)| < o(Ro). 


ProoF. Fix Ro > e* sufficiently large, and suppose that R(z,t) < Ro. If 
X(z,t) = 0, then |Rm(z,t)| < R(x,t)/2. If X(z,t) > 0, then by Theorem [4.32] 
it is bounded by Ro. Thus, A(x, t) < 3Ro. Thus, we have an upper bound on X(z, t) 
and a lower bound on v(z,t) in terms of Ro. O 





This theorem leads to a definition. 


DEFINITION 4.34. Let (M,G) be a generalized Ricci flow whose domain of defi- 
nition is contained in [0,0o). Then we say that (M,G) has curvature pinched toward 
positive if for every x € M the following two conditions hold: 


(1) 


—6 
R(e) 2 At(x) +1 


(2) 
R(x) > 2X (x) (logX (x) + log(1 + t(x)) — 3), 
whenever 0 < X(z) 


where, as in the statement of Theorem [4.26] X(a) is the maximum of zero and the 
negative of the smallest eigenvalue of Rm(z). 


The content of Theorem [4.32] is that if (/,g(t)), 0<a<t<T, is a Ricci flow 
with M a compact 3-manifold and if the curvature of (M,g(a)) is pinched toward 
positive, then the same is true for the entire flow. 


5.1. Application of the pinching result. As an application of this pinching 
toward positive curvature result we establish a strengthening of Theorem [4.24] 


THEOREM 4.35. Let (M,g) be a compact 3-dimensional shrinking soliton, i.e., 
there is a Ricci flow (M,g(t)), 0< t < T, so that for each t € [0,T) there is a 
constant c(t) with lim,.rc(t) = 0 and with the property that there is an isometry 
from (M, g(t)) to (M,c(t)g). Then (M,g) is round. 
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PrRooF. By rescaling we can assume that for all « € M all the eigenvalues of 
Rm(z,0) have absolute value < 1. This implies that (7, g(0)) satisfies the hy- 
pothesis of Theorem Our first goal is to show that Rm(a,0) > 0 for all 
x € M. Suppose that this is not true; then there is a point « with X(zx,0) > 0. 
Consider A = X(x,0)/R(x,0). For each t < T let x: € M be the image of x 
under the isometry from (M,g(0)) to (M,c(t)g(t)). Then X(2;,t) = c-+(t)X(z, 0) 
and X(a;,,t)/R(a:,t) = A. Since c(t) tends to 0 as t approaches T, this contra- 
dicts Theorem [4.26] Now, according to Theorem [4.14]either all (VM, g(t)) are flat or 
Rm(z,t) > 0 for all (2,t) € Mx (0,7). But if the (1, g(t)) are all flat, then the flow 
is trivial and hence the diameters of the (IM, g(t)) do not go to zero as t approaches 
T, contradicting the hypothesis. Hence, Rm(z,t) > 0 for all (2,t) © M x (0,T). 
According to Theorem [4.23] this means that as the singularity develops the metrics 
are converging to round. By the shrinking soliton hypothesis, this implies that all 
the metrics (IM, g(t)), 0<t< Ty, are in fact round. Of course, it then follows that 
(M, g) is round. O 





The following more general result was first given by T. Ivey [41]. 
THEOREM 4.36. Any 3-dimensional compact Ricci soliton go is Einstein. 
Since we do not need this result, we do not include a proof. 


5.2. The Harnack inequality. The last consequence of the maximum princi- 
ple that we need is Hamilton’s version of the Harnack inequality for Ricci flows, see 
Theorem 1.1 and Corollary 1.2 of [32]. 


THEOREM 4.37. Suppose that (M,g(t)) is a Ricci flow defined for (Ip,T1) with 
(M, g(t)) a complete manifold of non-negative curvature operator with bounded cur- 
vature for each t € (To,T,). Then for any time-dependent vector field x(x,t) on M 
we have: 

OR(z, t) € R(a,t) 


Ot t — To 
In particular, we have 





+ 2(y (x,t), VR(x,t)) + 2Ric(2, t)(x(z, t), x(x, t)) = 0. 


OR(z,t) mn Rla,t) 
at t= Th 
REMARK 4.38. Notice that the second result follows from the first by taking 
x = 0. 





> 0. 


COROLLARY 4.39. If (M,g(t)) is a Ricci flow defined for —co < t < 0 with 
(M, g(t)) a complete manifold of bounded, non-negative curvature operator for each 
t, then 


OR(ax,t) ra 

Ot 
Proor. Apply the above theorem with x(x,t) = 0 for all (x,t) and for a se- 
quence of Tp — —oco. O 





The above is the differential form of Hamilton’s Harnack inequality. There is also 
the integrated version, also due to Hamilton; see Corollary 1.3 of [32]. 
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THEOREM 4.40. Suppose that (M,g(t)) is a Ricci flow defined for ty < t < te 
with (M,g(t)) a complete manifold of non-negative, bounded curvature operator for 
all t € [t1, tg]. Let x1 and x2 be two points of M. Then 

168 (Fa) > _14e, (v2, 21) 
R(x, 11) 2 (tz —t) 

Proor. Apply the differential form of the Harnack inequality to y = —V(logR)/2 = 
—VR/2R, and divide by R. The result is 
Ric(V (logR), V (log R)) = 


R71(8R/at) — |V(logR)|? + 5p > 0. 
Since Ric(A, A)/R < |Al|?, it follows that 
0 |V (logR)|? 
oy = i: 
34 08%) aa 


Let d be the g(t,)-distance from x, to x2 and let ¥: [ty,t2] —~ M be a g(t,)- 
geodesic from x; to x2, parameterized at speed d/(tz—t,). Then let p(t) = (y(t), t) 
be a path in space-time. We compute 


i (Fe) = f° Fowl Rlon(d)yat 
te OR 
= [BD + wooer) ait)), Bate) 
> J Lv dogny(u(oy? ~ IV doer) u(t) 2 ae 
a 9 dt 
1 s® dy|? 
2-5 [ rales 








where the last inequality comes form completing the square. Since Ric(x,t) > 0, 
|dy/dt| (x) < |dy/dt| gu), thus 


ae he 
lope) Se 
(Ree ~ 2 ty 


Since y is a g(t, )-geodesic, this latter integral is 


dy|* 


We dt. 


g(t1) 
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CHAPTER 5 


Convergence results for Ricci flow 


The most obvious notion of smooth convergence of Riemannian manifolds is the 
C'~-version of Cheeger-Gromov compactness: We have a sequence of Riemannian 
metrics gy, on a fixed smooth manifold M converging uniformly on compact subsets 
of M in the C°%-topology to a limit metric g.. There is also a version of this 
compactness for based, complete Riemannian manifolds. The most common starts 
with a sequence of based complete Riemannian manifolds (Mn, gn, tn), typically of 
unbounded diameter. Then a geometric limit is a based complete (Moo, goo, Loo) 
so that for every R < oo the metric balls B(x,,R) C M,, converge uniformly in 
the C°-topology to the metric ball B(x, R) C Mx. This allows the topology to 
change — even if all the M,, are diffeomorphic, MM. can have a different topological 
type; for example the M, could all be compact and M,, could be non-compact. 

But we also need to be able to deal with incomplete limits. In the case of in- 
complete limits, the basic idea remains the same, but it requires some care to give a 
definition of a geometric limit that makes it unique up to canonical isometry. One 
must somehow impose conditions that imply that the limit eventually fills up most 
of each of the manifolds in the sequence. 


1. Geometric convergence of Riemannian manifolds 


Above we referred to filling up ‘most’ of the manifold. The measure of most of 
the manifold is in terms of the 6-regular points as defined below. 


DEFINITION 5.1. Let (U,g) be a Riemannian manifold. Let 6 > 0 be given. We 
say that p € U is a 6-regular point if for every r’ < 6 the metric ball B(p,r’) has 
compact closure in U. Equivalently, p is 6-regular if the exponential mapping at p 
is defined on the open ball of radius 6 centered at the origin in 7,U, i.e., if each 
geodesic ray emanating from p extends to a geodesic defined on [0,6). We denote 
by Reg;(U,g) the subset of 6-regular points in (U,g). For any x € Reg;(U,g) we 
denote by Reg;(U, g, x) the connected component of Reg;(U, g) containing x. 


Intuitively, the 6-regular points of (U, g) are at distance at least 6 from the bound- 
ary on U. 


LEMMA 5.2. Reg;(U,g) is a closed subset of U. 


PROOF. Suppose that p, converges to p as n tends to oo and suppose that 
Pn © Regs(U,g) for all n. Fix r’ < 6 and consider the ball B(p,r’). For all n 
sufficiently large, this ball is contained in B(pp, (6 + r’)/2), and hence has compact 
closure. g 
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Now we are ready for the basic definition of geometric convergence of Riemannian 
manifolds. 


DEFINITION 5.3. For each k let (Ux, 9%,v%) be a based, connected Riemannian 
manifold. A geometric limit of the sequence {U,, Ges PRO is a based, connected 
Riemannian manifold (Uso, Goo, Zoo) With the extra data: 

(1) An increasing sequence V; C Us of connected open subsets of U., whose 

union is Uj. and which satisfy the following for all k: 

(a) the closure Vz, is compact, 

(b) Ve C Viz, 

(c) Vy contains Xo. 

(1) For each k > 0 a smooth embedding yp: (Ve, 200) + (Ux, x~) with the 
properties that: 

(a) limp ooY,Gk = Joo, Where the limit is in the uniform C'°-topology on 
compact subsets of Uj. 

(b) For any 6 > 0 and any R < o for all k sufficiently large, x, € 
Reg;(Ux, 9.) and for any ¢ > k the image y,;(V;,) contains B(a,, R) NM 
Regs(Ue, ge, Xe). 

We also say that the sequence converges geometrically to (Us, Goo; Loo) if there 
exist (Vi, ~~) as required in the above definition. We also say that (Uso, goo; Zoo) is 
the geometric limit of the sequence. 

More generally, given (Uso, Joo; Zoo), a Sequence of open subsets and {V;,}?°, 
satisfying (1) above, and smooth maps yz: Vk — Ux satisfying (2a) above, we say 
that (Us; Joo; Zoo) is a partial geometric limit of the sequence. 


REMARK 5.4. Conditions (1) and (2a) in the definition above also appear in the 
definition in the case of complete limits. It is Condition (2b) that is extra in this 
incomplete case. It says that once k is sufficiently large then the image ye(V;) 
contains all points satisfying two conditions: they are at most a given bounded 
distance from x¢, and also they are at least a fixed distance from the boundary of 
Up. 


Notice that if the (Ux, 9.) have uniformly bounded volume by, say, V, then any 
geometric limit has volume < V. 


LEMMA 5.5. The geometric limit of a sequence (Ux, gx, %,) is unique up to based 
isometry. 


PROOF. Suppose that we have two geometric limits (Uso, Joo, Zoo) and (UL, gh, 2): 
Let {Vi, px} and {V/,y),} be the sequences of open subsets and maps as required 
by the definition of the limit. 

Fix k. Since V; is connected and has compact closure, there are R < co and 6 > 0 
such that Vz C B(Xoo, R) MN Regs(Us0, Goo; Loo). Let x be contained in the closure 
of Vz. Then by the triangle inequality the closed ball B(«#,6/3) is contained in 
B(Xo0, R+6)NReg5/2(Uco, Joo: Zoo). Since the union of these closed balls as x ranges 
over V;, is a compact set, for all @ sufficiently large, the restriction of 7 ge to the union 
of these balls is close to the restriction of goo to the same subset. In particular, for all 
é sufficiently large and any x € V;, we see that yy (B(x, 6/3)) contains B(ye(x), 6/4). 
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Thus, for all ¢ sufficiently large pe(Ve) C B(xe, R + 26) M Regs/4(Ue, ge, xe). This 
implies that, for given k, for all ¢ sufficiently large ye(Ve) C y)(V/). Of course, 
(y))~* © weltoo) = x. Fix k and pass to a subsequence of @, such that as £ — oo, 
the compositions (y))~1 © (yely,) : Vk + US, converge to a base-point preserving 
isometric embedding of V;, into US. Clearly, as we pass from k to k’ > k and take a 
further subsequence of @ these limiting isometric embeddings are compatible. Their 
union is then a base-point preserving isometric embedding of Ux into UL. 

The last thing we need to see is that the embedding of Ux into US, constructed 
in the previous paragraph is onto. For each n we have irae GV, «is Since V, is 
compact and connected, it follows that there are R < oo and 6 > 0 (depending on 
n) such that V), C B(2i,, R)NRegs(Vn41, Joos 2%). Since V4, has compact closure 
in UL, as £ tends to oo the metrics (y))*ge converge uniformly on V,+1 to gho|Va4t- 
This means that there are R’ < oo and 6’ > 0 (depending on mn) such that for all ¢ 
sufficiently large, y,(Vn) C B(xp, R’) M Regs (Ue, ge, xe). This implies that for all k 
sufficiently large and any ¢ > k the image y/(V,,) is contained in the image of y¢(V;_). 
Hence, for all k sufficiently large and any ¢ > k we have V,. Cc (y))~!(ee(V)). Hence, 
the isometric embedding Ux. — U%, constructed above contains V,). Since this is 
true for every n, it follows that this isometric embedding is in fact an isometry 
Us 3 Uf. Oo 





Here is the basic existence result. 


THEOREM 5.6. Suppose that {(Ux, 9x, UK) }721 is a sequence of based, connected, 
n-dimensional Riemannian manifolds. In addition, suppose the following: 
(1) There is 6 > 0 such that x, € Regs(Ux, 9) for all k. 
(2) For each R < c and 6 > 0 there is a constant V(R,6) < oo such that 
Vol(B(apz, R) NM Regs(Ux, x~)) < V(R, 6) for all k sufficiently large. 
(3) For each non-negative integer 0, each 6 > 0, and each R < ov, there is a 
constant C(,6,R) such that for every k sufficiently large we have 


|V‘Rm(gx)| < C(2, 6, R) 


on all of B(x, R) NO Regs(Uk, gk). 

(4) For every R < oo there are ro > 0 and & > 0 such that for every k 
sufficiently large, for every 6 < ro and every x € B(az, R)NRegs(Uk, gk, Lk) 
the volume of the metric ball B(x,6) C Ux is at least Kd”. 

Then, after passing to a subsequence, there exists a based Riemannian manifold 
(Uso, Joo: Loo) that is a geometric limit of the sequence {(Ux, 9%, XK) }Po1- 


Before giving the proof of this result, we begin with a standard lemma. 


LEMMA 5.7. Suppose that we have a sequence of n-dimensional balls (By, hx) 
of radius r in Riemannian n-manifolds. Suppose that for each € there is a constant 
C(£) such that for every k, we have |V‘Rm(hz)| < C(@) throughout By. Suppose also 
that for each n the exponential mapping from the tangent space at the center of By 
induces a diffeomorphism from a ball in the tangent space onto B,. Then choosing 
an isometric identification of the tangent spaces at the central points of the By with 
R” and pulling back the metrics hy via the exponential mapping to metrics hy on 
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the ball B of radius r in R” gives us a family of metrics on B that, after passing to 
a subsequence, converge in the C™-topology, uniformly on compact subsets of B, to 
a limit. 


The basic point in proving this lemma is to ‘find the right gauge,’ which in this 
case means find local coordinates so that the metric tensor is controlled by the 
curvature. The correct local coordinates are the Gaussian coordinates centered at 
the center of the ball. 


PROooF. (of the theorem). Fix R < co and 6 > 0. Let 
X(6,R) = B(ap, R) 0 Regos(Uk, Gn, Tk). 


From the non-collapsing assumption and the curvature bound assumption if follows 
from Theorem [1.36] that there is a uniform positive lower bound (independent of k) 
to the injectivity radius of every point in X(6,R). Fix 0 < 6’ < min(ro,6/2) much 
less than this injectivity radius. We also choose 6’ > 0 sufficiently small so that any 
ball of radius 26’ in B(x,, R +6) Regs(Uk, gx, 2k) is geodesically convex. (This is 
possible because of the curvature bound.) We cover X(6, R) by balls Bi,..., By of 
radii 6’ /2 centered at points of X (6, R) with the property that the sub-balls of radius 
6'/4 are disjoint. We denote by Bi c B; C B; the metric balls with the same center 
and radii 6’/2, 6’, and 20’ respectively. Notice that each of the balls B; is contained in 
B(a,~, R+6)NRegs(Uk, gk, Uk). Because 6’ < rg, because Vol B(xpz, R+6) is bounded 
independent of k, and because the concentric balls of radius 6’/4 are disjoint, there 
is a uniform bound (independent of k) to the number of such balls. Passing to 
a subsequence we can assume that the number of balls in these coverings is the 
same for all k. We number them By, ie .B n. Next, using the exponential mapping 
at the central point, identify each of these balls with the ball of radius 26’ in R”. 
By passing to a further subsequence we can arrange that the metrics on each B; 
converge uniformly. (This uses the fact that the concentric balls of radius 26 > 40’ 
are embedded in the Ux; by the exponential mapping.) Now we pass to a further 
subsequence so that the distance between the centers of the balls converges, and so 
that for any pair B; and B; for which the limiting distance between their centers is 
less than 40’, the overlap functions in the U; also converge. The limits of the overlap 
functions defines a limiting equivalence relation on [[; B;. 

This allows us to form a limit manifold Les It is the quotient of the disjoint 
union of the B; with the limit metrics under the limit equivalence relation. We set 
(U30(6, R), Joo (0, R), 200 (6, R)) equal to the submanifold of U5, that is the union of 
the sub-balls B; C B; of radii 5’. A standard argument using partitions of unity and 
the geodesic convexity of the balls B; shows that, for all k sufficiently large, there are 
smooth embeddings yz (6, R): Ux (6, R) > B(x, R + 6) Regs(Uz, gx, X,) sending 
Loo(6, R) to xz and converging as k — oo, uniformly in the C™-topology on each B;, 
to the identity. Furthermore, the images of each of these maps contains B(x;,, R)N 
Reggs5(Uz; Gk; Te); compare [6]. Also, the pull backs under these embeddings of the 
metrics g, converge uniformly to goo(d, R). 
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Repeat the process with R replaced by 2R and 6 = 6; replaced by 62 < 6;/2. 
This produces 


(Use (52, 2R), Joo (52, 2R), Loo (d2, 2R)) 
and, for all & sufficiently large, embeddings yz (d2,2R) of this manifold into 


Bax, 2R+ 62) M Regs, (Uk, Gk Lk): 


Hence, the image of these embeddings contains the images of the original embed- 
dings. The compositions (yz(d2,2R))~1 o vy, (6, R) converge to an isometric embed- 
ding 


(Ux (6, R), Joo (6, R), Too (6, R)) —t (U0 (62, 2R), Joo (do, 2R), Loo (d9, 2R)) : 


Repeating this construction infinitely often produces a manifold (Ugo, goo; Zoo) which 
is written as an increasing union of open subsets Vi = Uso (dp, 2"R), where the 6d, 
tend to zero as k tends to oo. For each k the open subset V; has compact closure 
contained in Vy,,;. By taking a subsequence of the original sequence we have maps 
pr: V_ + Ux so that (2a) in the definition of geometric limits holds. Condition (2b) 
clearly holds by construction. O 





Now let us turn to complete Riemannian manifolds, where the result is the C™- 
version of the classical Cheeger-Gromov compactness. 


LEMMA 5.8. Suppose that (Ux, 9%,t%) is a sequence of based Riemannian man- 
ifolds and that there is a partial geometric limit (Us.,9oo,;Lo0) that is a complete 
Riemannian manifold. Then this partial geometric limit is a geometric limit. 


PROOF. Since the balls B(x, R) have compact closure in Ux and since 
Regs (Uo0; Joos Loo) = Ux 


for every 6 > 0, it is easy to see that the extra condition, (2b), in Definition is 
automatic in this case. O 





Now as an immediate corollary of Theorem [5.6] we have the following. 


THEOREM 5.9. Let {(Mz, 9%, x) }P21 be a sequence of connected, based Riemann- 
ian manifolds. Suppose that: 
(1) For every A < co the ball B(x,, A) has compact closure in My, for all k 
sufficiently large. 
(2) For each integer € > 0 and each A < oo there is a constant C = C(é, A) 
such that for each yx € B(xp, A) we have 


V‘Rm(gx)(ye)| < C 


for all k sufficiently large. 
(3) Suppose also that there is a constant 6 > 0 such that inj(yp, 9,)(%%) = 6 for 
all k sufficiently large. 


Then after passing to a subsequence there is a geometric limit which is a complete 
Riemannian manifold. 
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PROOF. By the curvature bounds, it follows from the Bishop-Gromov theorem 
(Theorem [1.34) that for each A < oo there is a uniform bound to the volumes of 
the balls B(a,,.A) for all & sufficiently large. It also follows from the same result 
that the uniform lower bound on the injectivity radius at the central point implies 
that for each A < oo there is a uniform lower bound for the injectivity radius on the 
entire ball B(x,, A), again for k sufficiently large. Given these two facts, it follows 
immediately from Theorem [5.6]that there is a geometric limit. 

Since, for every A < oo, the B(a,,A) have compact closure in M,, for all k 
sufficiently large, it follows that for every A < oo the ball B(x. ,A) has compact 
closure in M,,. This means that (Mx, goo) is complete. 0 





COROLLARY 5.10. Suppose that {(Mz, gr, r%)}P21 is a sequence of based, con- 
nected Riemannian manifolds. Suppose that the first two conditions in Theorem[5.9 
hold and suppose also that there are constants « > 0 and 6 > 0 such that Volg, B(xx, 5) 
K6” for allk. Then after passing to a subsequence there is a geometric limit which 
is a complete Riemannian manifold. 


Proor. Let A = max(d~?,C(0,6)), where C(0,6) is the constant given in the 
second condition in Theorem [5.9] Rescale, replacing the Riemannian metric g, by 
Agr. Of course, the first condition of Theorem still holds as does the second 
with different constants, and we have |Rmag,(yx)| < 1 for all yx € Bag, (2x, VA0). 
Also, Vol Bag, (tx, V Ab) > K(WAS)”". Thus, by the Bishop-Gromov inequality (The- 
orem [1.34), we have Vol4,, B(xz, 1) > «/Q where 


V (VAd) 


(VA5)"V (1) 


where V(a) is the volume of the ball of radius a in hyperbolic n-space (the simply 
connected n-manifold of constant curvature —1). Since V'A6 > 1, this proves that for 
the rescaled manifolds the absolute values of the sectional curvatures on Bg, (xz, 1) 
are bounded by 1 and the Vol4,, B(x, 1) are bounded below by a positive constant 
independent of k. According to Theorem the lower bound on the volume of 
the ball of radius 1 and the curvature bound on the ball of radius 1 yield a uniform 
positive lower bound r > 0 for the injectivity radius of the rescaled manifolds at x,. 
Hence, the injectivity radii at the base points of the original sequence are bounded 
below by 6/\/A. This means that the original sequence of manifolds satisfies the 
third condition in Theorem [5.9] Invoking this theorem gives the result. O 





1.1. Geometric convergence of manifolds in the case of Ricci flow. As 
the next theorem shows, because of Shi’s theorem, it is much easier to establish the 
geometric convergence manifolds in the context of Ricci flows than in general. 


THEOREM 5.11. Suppose that (Mx, Gp, xp) 1s a sequence of based generalized n- 
dimensional Ricci flows with t(x,) = 0. Let (Mz, 9%) be the 0 time-slice of (Mx, Gr). 
Suppose that for each A < co there are constants C(A) < co and 6(A) > 0 such that 
for all k sufficiently large the following hold: 


(1) the ball B(x,,0,A) has compact closure in Mz, 


> 
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(2) there is an embedding B(axxz,0, A) x (—6(A),0] + Mp compatible with the 
time function and with the vector field, 
(3) |Rm| < C(A) on the image of the embedding in the Item (2), and 
(4) there is r9 > 0 and k > 0 such that Vol B(x,,0,70) > Kro for all k suffi- 
ciently large. 
Then, after passing to a subsequence, there is a geometric limit (Moo, goo, Loo) of the 
0 time-slices (My, 9x, 2). This limit is a complete Riemannian manifold. 


ProoF. The first condition in Theorem [5.9] holds by our first assumption. It is 
immediate from Shi’s theorem (Theorem 3.28) that the second condition of Theo- 
rem [5.9] holds. The result is then immediate from Corollary Oo 





2. Geometric convergence of Ricci flows 


In this section we extend this notion of geometric convergence for based Riemann- 
ian manifolds in the obvious way to geometric convergence of based Ricci flows. Then 
we give Hamilton’s theorem about the existence of such geometric limits. 


DEFINITION 5.12. Let {(Mx, Gz, xe) }721 be a sequence of based generalized Ricci 
flows. We suppose that t(x,) = 0 for all & and we denote by (My, gx) the time-slice of 
(Mx, Gy). For some 0 < T < 00, we say that a based Ricci flow (Moo, goo (t), (200, 9)) 
defined for t € (—T’,0] is a partial geometric limit Ricci flow if: 

(1) There are open subsets t— € Vi C Vo C -:: C Mx satisfying (1) of 
Definition [5.3] with M,, in place of Us, 
(2) there is a sequence 0 < t) < tg <--- with limg_ot, = T, 
(3) and maps 
Dr: (Vi x [—tx, 0]) > My 
compatible with time and the vector field 


such that the sequence of horizontal families of metrics ¢;G, converges uniformly 
on compact subsets of Mj, x (—T, 0] in the C°°-topology to the horizontal family of 
metrics goo(t) on Mx x (—T, 0]. 


Notice that the restriction to the 0 time-slices of a partial geometric limit of 
generalized Ricci flows is a partial geometric limit of the 0 time-slices. 


DEFINITION 5.13. For 0 < T < on, if (Moo, Goo(t), 20), —T < t < 0, is a partial 
geometric limit Ricci flow of the based generalized Ricci flows (M x,G_,, 7%) and 
if (Moo, Joo (0), Zoo) is a geometric limit of the 0 time-slices, then we say that the 


partial geometric limit is a geometric limit Ricci flow defined on the time interval 
(—2; 0] > 


Again Shi’s theorem, together with a computation of Hamilton, allows us to 
form geometric limits of generalized Ricci flows. We have the following result due 
originally to Hamilton [33]. 


PROPOSITION 5.14. Fix constants —oo < T’ < 0 < T < o and suppose that 
T’ < T. Let {(Mx, Gy, rx) }P2, be a sequence of based generalized Ricci flows. 
Suppose that t(x,) = 0 for allk, and denote by (Mx, 9x) the 0 time-slice of (Mx, Gx). 
Suppose that there is a partial geometric limit (Moo, Goo, Loo) for the (Mx, gp, X,) with 
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open subsets {VC Mx} and maps y,: Vz > My as in Definition[E.3 Suppose that 
for every compact subset K C Mx and every compact interval I c (T’,T) containing 
0, for allk sufficiently large, there is an embedding (,(K,I): KxI — Mg, compatible 
with time and the vector field and extending the map yy, on the 0 time-slice. Suppose 
in addition that for every k sufficiently large there is a uniform bound (independent 
of k) to the norm of Riemann curvature on the image of O,(K,I). Then after 
passing to a subsequence the flows ~7,G;, converge to a partial geometric limit Ricci 
flow gx(t) defined for t € (T’,T). 


PROOF. Suppose that we have a partial geometric limit of the time-zero slices 
as stated in the proposition. Fix a compact subset K C M, and a compact sub- 
interval IT Cc (T7’,T). For all k sufficiently large we have embeddings ¢;,(K,J) as 
stated. We consider the flows g,(K,J)(t) on K x I defined by pulling back the 
horizontal metrics G;, under the maps ¢;(K,I). These of course satisfy the Ricci 
flow equation on K x J. Furthermore, by assumption the flows g,(K,J)(t) have 
uniformly bounded curvature. Then under these hypothesis, Shi’s theorem can 
be used to show that the curvatures of the g,(K,J) are uniformly bounded C°°- 
topology. The basic computation done by Hamilton in shows that after passing 
to a further subsequence, the Ricci flows g,(K,I) converge uniformly in the C°- 
topology to a limit flow on kK x J. A standard diagonalization argument allows us 
to pass to a further subsequence so that the pullbacks ~;G, converge uniformly in 
the C®-topology on every compact subset of M, x (T’,T). Of course, the limit 
satisfies the Ricci flow equation. O 





This ‘local’ result leads immediately to the following result for complete limits. 


THEOREM 5.15. Fix —oo <T’ <0<T < w withT’ <T. Let {(Mx, Ge, tu) 4 
be a sequence of based generalized Ricci flows. Suppose that t(x,) = 0 for all k, and 
denote by (Mx, gx) the 0 time-slice of (Mz,Gz). Suppose that for each A < oo and 
each compact interval I Cc (T’,T) containing 0 there is a constant C(A,I) such that 
the following hold for all k sufficiently large: 


(1) the ball By, (a,,0,A) has compact closure in My, 

(2) there is an embedding Bg, (a,,0,A) x I — My, compatible with time and 
with the vector field, 

(3) the norms of the Riemann curvature of Gy on the image of the embedding 
in the previous item are bounded by C(A,I), and 

(4) there is ro > 0 and kK > 0 with Vol B(x,,0,r0) > Krg for all k sufficiently 
large. 





Then after passing to a subsequence there is a flow (Moo, Joo(t), (Loo, 9)) which is the 
geometric limit. It is a solution to the Ricci flow equation defined for t € (T’,T). 
For every t € (T’,T) the Riemannian manifold (Moo, goo(t)) is complete. 


Proor. By Theorem[5.11]there is a geometric limit (Moo, Joo(0)) of the 0 time- 
slices, and the limit is a complete Riemannian manifold. Then by Proposition 
there is a geometric limit flow defined on the time interval (T’,T). Since for every 
t € (7’,T) there is a compact interval J containing 0 and ¢, it follows that the 
Riemann curvature of the limit is bounded on M,, x J. This means that the metrics 
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Joo(0) and g(t) are commensurable with each other. Since g..(0) is complete so is 
Joo (t). 0 


COROLLARY 5.16. Suppose that (U,g(t)), O< t < T < ow, is a Ricci flow. 
Suppose that |Rm(a,t)| is bounded independent of (x,t) € U x [0,T). Then for any 
open subset V C U with compact closure in U, there is an extension of the Ricci 
flow (V, g(t)|v) past time T. 





PRooF. Take a sequence t, — T and consider the sequence of Riemannian 
manifolds (V, g(tn)). By Shi’s theorem and the fact that V has compact closure in 
U, the restriction of this sequence of metrics to V has uniformly bounded curvature 
derivatives. Hence, this sequence has a convergent subsequence with limit (V, go.), 
where the convergence is uniform in the C™-topology. Now by Hamilton’s result 
it follows that, passing to a further subsequence, the flows (V, g(T + t — tn), (p, 0)) 
converge to a flow (V, goo(t), (p,0)) defined on (0,7]. Clearly, for any 0 <t< T 
we have g(t) = g(t). That is to say, we have extended the original Ricci flow 
smoothly to time T. Once we have done this, we extend it to a Ricci flow on [T, T)) 
for some T; > T using the local existence results. The extension to [T,7)) fits 
together smoothly with the flow on [0,7] by Proposition B.12 O 





3. Gromov-Hausdorff convergence 


Let us begin with the notion of the Gromov-Hausdorff distance between based 
metric spaces of finite diameter. Let Z be a metric space. We define the Haus- 
dorff distance between subsets of Z as follows: dZ(X,Y) is the infimum of all 
6 > 0 such that X is contained in the 6-neighborhood of Y and Y is contained 
in the d-neighborhood of X. For metric spaces X and Y we define the Gromov- 
Hausdorff distance between them, denoted Dgy(X,Y), to be the infimum over 
all metric spaces Z and isometric embeddings f: X — Z and g: Y — Z of the 
Hausdorff distance between f(X) and g(Y). For pointed metric spaces (X,x) and 
(Y,y) of finite diameter, we define the Gromov-Hausdorff distance between them, 
denoted Den ((X,2),(Y,y)), to be the infimum of DZ(f(X),g(Y)) over all triples 
((Z,z),f,g) where (Z,z) is a pointed metric space and f: (X,2) — (Z,z) and 
g: (Y,y) — (Z,z) are base-point preserving isometries. 

To see that Dey is a distance function we must establish the triangle inequality. 
For this it is convenient to introduce 6-nets in metric spaces. 


DEFINITION 5.17. A d-net in (X,x) is a subset L of X containing x whose 6- 
neighborhood covers X and for which there is some 6’ > 0 with d(¢1,¢2) > 0’ for all 
£) # éo in L. 


Clearly, the Gromov-Hausdorff distance from a based metric space (X,x) to a 
d-net (£,x) contained in it is at most 6. Furthermore, for every 6 > 0 the based 
space (X,x) has a d-net: Consider subsets L C X containing x with the property 
that the 6/2-balls centered at the points of L are disjoint. Any maximal such subset 
(with respect to the inclusion relation) is a 6-net in X. 


LEMMA 5.18. The Gromov-Hausdorff distance satisfies the triangle inequality. 
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PROOF. Suppose that Dex ((X, x), (Y,y)) =a and Dex ((Y,y), (Z, z)) = b. Fix 
any 6 > 0. Then there is a metric dj on X V Y such that d; extends the metrics on 
X,Y and the (a+6)-neighborhood of X is all of X VY as is the (4a+6)-neighborhood 
of Y. Similarly, there is a metric dz on Y V Z with the analogous properties (with b 
replacing a). Take a 6-net (L,y) C (Y,y), and define 


d(x’, z') = infgezd(a’, £) + d(Z, z’). 


We claim that d(z’, 2’) > 0 unless 2’ = z’ is the common base point. The reason is 
that if infp-;d(a’, 2) = 0, then by the triangle inequality, any sequence of £,, € L with 
d(x’, £,) converging to zero is a Cauchy sequence, and hence is eventually constant. 
This means that for all n sufficiently large, x’ = @, € LX and hence 7’ is the 
common base point. Similarly for 2’. 

A straightforward computation shows that the function d above, together with 
the given metrics on X and Z, define a metric on X V Z with the property that the 
(a + b + 36)-neighborhood of X is all of X V Z and likewise for Z. Since we can do 
this for any 6 > 0, we conclude that Deyn ((X, 2), (Z,z)) < a+b. O 





Thus, the Gromov-Hausdorff distance is a pseudo-metric. In fact, the restriction 
of the Gromov-Hausdorff distance to complete metric spaces of bounded diameter is 
a metric. We shall not establish this result, though we prove below closely related 
results about the uniqueness of Gromov-Hausdorff limits. 


DEFINITION 5.19. We say that a sequence of based metric spaces (Xx,x,) of 
uniformly bounded diameter converges in the Gromov-Hausdorff sense to a based 
metric space (Y,y) of finite diameter if 


limp.ooDaH((Xx, 2k), (Y, y)) = 0. 


Thus, a based metric space (X,x) of bounded diameter is the limit of a sequence of 
dn-nets L, C X provided that 6, — 0 as n > oo. 


EXAMPLE 5.20. A sequence of compact n-manifolds of diameter tending to zero 
has a point as Gromov-Hausdorff limit. 


DEFINITION 5.21. Suppose that {(Xx, 27%)}% converges in the Gromov-Hausdorff 
sense to (Y,y). Then a realization sequence for this convergence is a sequence of 
triples ((Z%, 2%), fe; 9x) Where, for each k, the pair (Zz, z,) is a based metric space, 


fie: (Xk, tk) > (Ze, 2%) «and ge: (Y,y) — (Zk, 2) 


are isometric embeddings and Dex (fr(Xzk), 9n(Y)) @ 0 as k — oo. Given a real- 
ization sequence for the convergence, we say that a sequence ¢; € X, converges to 
£€/Y (relative to the given realization sequence) if d(fx(lx), gx(2)) — 0 as i > 0. 


Notice that, with a different realization sequence for the convergence, a sequence 
ey © Xx can converge to a different point of Y. Also notice that, given a realization 
sequence for the convergence, every y € Y is the limit of some sequence rz, € Xz, 
a sequence x, € X, has at most one limit in Y, and if Y is compact then every 
sequence x; € X; has a subsequence converging to a point of Y. Lastly, notice that 
under any realization sequence for the convergence, the base points x, converge to 
the base point y. 
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LEMMA 5.22. Let (Xx,x,%) be a sequence of metric spaces whose diameters are 
uniformly bounded. Then the (Xx,2%) converge in the Gromov-Hausdorff sense to 
(X,x) if and only if the following holds for every 6 > 0. For every 6-net L C X, for 
every n > 0, and for every k sufficiently large, there is a (6 + )-net Ly C X_~ and 
a bijection Ly > L sending x, to x so that the push forward of the metric on Ly 
induced from that of Xx, is (14+ )-bi-Lipschitz equivalent to the metric on L induced 
from X. 


For a proof see Proposition 3.5 on page 36 of [25]. 


LEMMA 5.23. Let (Xz, 2%) be a sequence of based metric spaces whose diameters 
are uniformly bounded. Suppose that (Y,y) and (Y',y’) are limits in the Gromov- 
Hausdorff sense of this sequence and each of Y and Y' are compact. Then (Y,y) is 
isometric to (Y’,y’). 


ProoF. By the triangle inequality for Gromov-Hausdorff distance, it follows 
from the hypothesis of the lemma that Dex ((Y,y), (Y’,y’)) = 0. Fix 6 > 0. Since 
Deu ((Y,y), (Y"’,y’)) = 0, for any n > 0 and finite 1/n-net L, C Y containing y there 
is an embedding yy: Ly — Y’ sending y to y’ such that the image is a 2/n-net in Y’ 
and such that the map from L,, to its image is a (1+6)-bi-Lipschitz homeomorphism. 
Clearly, we can suppose that in addition the L, are nested: Dy, C In4yi C°:: 
Since Y’ is compact and L,, is finite, and we can pass to a subsequence so that 
limg.cok|L, converges to a map w,: Ly — Y’ which is a (1 + 6)-bi-Lipschitz map 
onto its image which is a 2/n net in Y’. By a standard diagonalization argument, 
we can arrange that Wn41\|z, = Wn for all n. The {w,,} then define an embedding 
Unln — Y’ that is a (1 + 6)-bi-Lipschitz map onto its image which is a dense 
subset of Y’. Clearly, using the compactness of Y’ this map extends to a (1 +6)-bi- 
Lipschitz embedding ws: (Y,y) — (Y’, y’) onto a dense subset of Y’. Since Y is also 
compact, this image is in fact all of Y’. That is to say, Ws is a (1 + 6)-bi-Lipschitz 
homeomorphism (Y,y) — (Y’,y’). Now perform this construction for a sequence 
of dn — 0 and (1+ 6,,)-bi-Lipschitz homeomorphisms ws, : (Y,y) — (Y’,y’). These 
form an equicontinuous family so that by passing to a subsequence we can extract 
a limit J: (Y,y) — (Y’,y’). Clearly, this limit is an isometry. O 





Now let us consider the more general case of spaces of not necessarily bounded 
diameter. It turns out that the above definition is too restrictive when applied to 
such spaces. Rather one takes: 


DEFINITION 5.24. For based metric spaces (X;z,2,) (not necessarily of finite di- 
ameter) to converge in the Gromov-Hausdorff sense to a based metric space (Y, y) 
means that for each r > 0 there is a sequence 6, — 0 such that the sequence of 
balls B(ayz,7r + 0%) in (Xz, 2%) converges in the Gromoy-Hausdorff sense to the ball 
Byer) in Y 


Thus, a sequence of cylinders S"~! x R with any base points and with the radii 
of the cylinders going to zero has the real line as Gromov-Hausdorff limit. 


LEMMA 5.25. Let (X;, x4) be a sequence of locally compact metric spaces. Suppose 
that (Y,y) and (Y’,y’) are complete, locally compact, based metric spaces that are 
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limits of the sequence in the Gromov-Hausdorff sense. Then there is an isometry 
(Yu) > (4 y’). 


PROOF. We show that for each r < oo there is an isometry between the closed 
balls B(y,r) and B(y’,r). By the local compactness and completeness, these closed 
balls are compact. Each is the limit in the Gromov-Hausdorff sense of a sequence 
B(axz,7r + 6%) for some 6, — 0 as k — co. Thus, invoking the previous lemma we see 
that these closed balls are isometric. We take a sequence r, — oo and isometries 
Yn: (Biy, rn), y) > (Byrn), y’). By a standard diagonalization argument, we 
pass to a subsequence such that for each r < oo the sequence Yp|p(y,r) of isometry 
converges to an isometry y,: B(y,r) > B(y’,r). These then fit together to define a 
global isometry vy: (Y,y) > (Y’,y’). O 








If follows from this that if a sequence of points @, € X; converges to € Y under 
one realization sequence for the convergence and to ¢’ € Y under another, then there 
is an isometry of (Y, y) to itself carrying @ to 0’. 


EXAMPLE 5.26. Let (Mn, 9n,2%n) be a sequence of based Riemannian manifolds 
converging geometrically to (Moo, Joo; Zoo). Then the sequence also converges in the 
Gromov-Hausdorff sense to the same limit. 


3.1. Precompactness. There is a fundamental compactness result due to Gro- 
mov. We begin with a definition. 


DEFINITION 5.27. A length space is a connected metric space (X,d) such that 
for any two points x,y there is a rectifiable arc y with endpoints x and y and with 
the length of 7 equal to d(z, y). 


For any based metric space (X, x) and constants 6 > 0 and R < co let N(6, R, X) 
be the maximal number of disjoint d-balls in X that can be contained in B(z, R). 


THEOREM 5.28. Suppose that (Xz, x) is a sequence of based length spaces. Then 
there is a based length space (X,x) that is the limit in the Gromov-Hausdorff sense 
of a subsequence of the (Xz, xx) if for every 6 > 0 and R < oo there is an N < oo 
such that N(6,R,X;) < N for all k. On the other hand, if the sequence (Xx, Xx) 
has a Gromov-Hausdorff limit, then for every 6 > 0 and R < o the N(6,R,X;,) are 
bounded independent of k. 


For a proof of this result see Proposition 5.2 on page 63 of [25]. 


3.2. The Tits cone. Let (MM, g) be a complete, non-compact Riemannian man- 
ifold of non-negative sectional curvature. Fix a point p € M, and let y and yp be 
minimal geodesic rays emanating from p. For each r > 0 let y(r) and p(r) be the 
points along these geodesic rays at distance r from p. Then by Part 1 of Theorem[2.4] 


we see that dlr), ulr)) 
yr), u(r 
ty, n,1) = SEY 
is a non-increasing function of r. Hence, there is a limit ¢(y, 4) > 0 of €(y, u,1r) as 
r — oo. We define the angle at infinity between y and p, 0 < O.0(7, 4) < 7, to be 
the angle at b of the Euclidean triangle a,b,c with side lengths |ab| = |bc| = 1 and 
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|bc| = €(y, 4), see Fic. [i] If v is a third geodesic ray emanating from p, then clearly, 
Boos MH) + Poo (Hy ¥) 2 P07 4): 





FIGURE 1. Angles at infinity 


DEFINITION 5.29. Now we define a metric space whose underlying space is the 
quotient space of the equivalence classes of minimal geodesic rays emanating from 
p, with two rays equivalent if and only if the angle at infinity between them is zero. 
The pseudo-distance function 6,. descends to a metric on this space. This space is 
a length space [4]. Notice that the distance between any two points in this metric 
space is at most 7. We denote this space by S..(M,p). 


CLAIM 5.30. S.o(M,p) is a compact space. 


ProoF. Let {[Yn]}n be a sequence of points in S..(M,p). We show that there 
is a subsequence with a limit point. By passing to a subsequence we can arrange 
that the unit tangent vectors to the 7, at p converge to a unit tangent vector 7, 
say. Fix d < oo, and let x, be the point of y, at distance d from p. Then by 
passing to a subsequence we can arrange that the x, converge to a point x. The 
minimizing geodesic segments [p, x] on yp, then converge to a minimizing geodesic 
segment connecting p to x. Performing this construction for a sequence of d tending 
to infinity and then taking a diagonal subsequence produces a minimizing geodesic 
ray y from p whose class is the limit of a subsequence of the {[yn]} O 
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We define the Tits cone of M at p, denoted T (M, p), to be the cone over S..(M, p), 
i.e., the quotient of the space S..(M,p) x [0,co) where all points (,0) are identified 
together (to become the cone point). The cone metric on this space is given as 
follows: Let (x1, a1) and (x2, a2) be points of S..(M,p) x [0,00). Then the distance 
between their images in the cone is determined by 


d? (21, a1], [r2, a2]) = a? + a2 — 2ayayc08(O0(#1, £2)). 


It is an easy exercise to show that the Tits cone of M at p is in fact independent 
of the choice of p. From the previous claim, it follows that the Tits cone of M is 
locally compact and complete. 


PROPOSITION 5.31. Let (M,g) be a non-negatively curved, complete, non-compact 
Riemannian manifold of dimension k. Fix a point p € M and let {x,}P2, be a se- 
quence tending to infinity in M. Let X, = d?(p,2n) and consider the sequence of 
based Riemannian manifolds (M,gn,p), where gn = »,'g. Then there is a sub- 
sequence converging in the Gromov-Hausdorff sense. Any Gromov-Hausdorff limit 
(X, Joo; Zoo) of a subsequence (X, goo) is isometric to the Tits cone T(M,p) with 
base point the cone point. 


ProoF. Let c be the cone point of T(M,p), and denote by d the distance func- 
tion on T(M,p). Consider the ball B(c,R) C T(M,p). Since S..(M,p) is the 
metric completion of the quotient space of minimal geodesic rays emanating from 
p, for any 6 > 0 there is a 6-net L C B(c, R) consisting of the cone point together 
with points of the form ([y],t) where 7 is a minimal geodesic ray emanating from 
p and t > 0. We define a map from w,: L — (M,gn) by sending the cone point 
to p and sending ([y],t) to the point at g,-distance t from p along y. Clearly, 
Wn(L) is contained in B,,,(p,R). From the second item of Theorem and the 
monotonicity of angles it follows that the map ~,: L — (M, gn) is a distance non- 
decreasing map; ie., U5 (gn|Un(L)) > d|z. On the other hand, by the monotonicity, 
Wr 1 (9n4ilYn4i(L)) < oF (9n\Yn(L)) and this non-increasing sequence of metrics 
converges to d|z. This proves that for any 6 > 0 for all n sufficiently large, the 
embedding wy, is a (1 + 6)-bi-Lipschitz homeomorphism. 

It remains to show that for any 7 > 0 the images w,,(L) are eventually 6 + 7-nets 
in By, (p, R). Suppose not. Then after passing to a subsequence, for each n we have 
a point x, € By,,(p,R) whose distance from 7,(L) is at least 6 + y. In particular, 
dy, (%n,p) = 6. Consider a sequence of minimal geodesic rays j1n connecting p to the 
Zn. Since the g-length of pp, is at least nd, by passing to a further subsequence, we 
can arrange that the , converge to a minimal geodesic ray y emanating from p. By 
passing to a further subsequence if necessary, we arrange that dy, (an, p) converges 
to r > 0. Now consider the points 7, on y at g-distance /A\,7r from p. Clearly, from 
the second item of Theorem[2.4]and the fact that the angle at p between the jz, and 
yu tends to zero as n — oo we have dy, (%n,£n) — 0 as n — oo. Hence, it suffices to 
show that for all n sufficiently large, 7, is within 6 of q,,(L) to obtain a contradiction. 
Consider the point z = ({u],r) € T(M,p). There is a point ¢ = ([y],¢t’) € L within 
distance 6 of z in the metric d. Let J, € M be the point in M at g-distance VAnt! 
along y. Of course, J, = Yn(). Then dg, (In,Yn) — d(é,z) < 6. Hence, for all n 


4. BLOW-UP LIMITS 121 


sufficiently large, dy, (Zn, Yn) < 6. This proves that for all n sufficiently large %,, is 
within 6 of y,(Z) and hence for all n sufficiently large x, is within 6 + 7 of y,(L). 

We have established that for every 6,7 > 0 and every R < oo there is a finite d-net 
L in (J(M,p),c) and for all n sufficiently large an (1 + 6)-bi-Lipschitz embedding 
Un of L into (M, gn, p) with image a 6 + 7-net for (M,gn,p). This proves that the 
sequence (M, gn, p) converges in the Gromov-Hausdorff sense to T (M,p),c)). O 





4. Blow-up limits 


Here we introduce a type of geometric limit. These were originally introduced 
and studied by Hamilton in [34], where, among other things, he showed that 3- 
dimensional blow-up limits have non-negative sectional curvature. We shall use 
repeatedly blow-up limits and the positive curvature result in the arguments in the 
later sections. 


DEFINITION 5.32. Let (Mz z,Gz,x%) be a sequence of based generalized Ricci 
flows. We suppose that t(x,) = 0 for all n. We set Qz equal to R(x,). We denote 
by (QeMz, QeGr,x~) the family of generalized flows that have been rescaled so 
that Ro,G, (tr) = 1. Suppose that limp..Q, = oo and that after passing to a 
subsequence there is a geometric limit of the sequence (Q,.Mzxz, Q¢Gx, 2%) which is 
a Ricci flow defined for —IT’ < t < 0. Then we call this limit a blow-up limit of 
the original based sequence. In the same fashion, if there is a geometric limit for a 
subsequence of the zero time-slices of the (Q,Mzx, QxGx, x), then we call this limit 
the blow-up limit of the 0 time-slices. 


The significance of the condition that the generalized Ricci flows have curvature 
pinched toward positive is that, as Hamilton originally established in [34], the latter 
condition implies that any blow-up limit has non-negative curvature. 


THEOREM 5.33. Let (Mxz,Gx, x4) be a sequence of generalized 3-dimensional 
Ricci flows, each of which has time interval of definition contained in [0,co) and 
each of which has curvature pinched toward positive. Suppose that Q, = R(xx) 
tends to infinity as k tends to infinity. Let ty = t(a,) and let (Mj,,G),, x) be the 
result of shifting time by —t, so that t'(x,) = 0. Then any blow-up limit of the 
sequence (Mj, Gi, 2,) has non-negative Riemann curvature. Similarly, any blow-up 
limit of the zero time-slices of this sequence has non-negative curvature. 


PROOF. Let us consider the case of the geometric limit of the zero time-slice first. 
Let (Moo, Joo(0), Zoo) be a blow-up limit of the zero time-slices in the sequence. Let 
Vie C Ma and yr: Ve — (Mz)o be as in the definition of the geometric limit. Let 
y € Ma be a point and let A(y) > u(y) > v(y) be the eigenvalues of the Riemann 
curvature operator for go. at y. Let {yx} be a sequence in Q,M}, converging to y, 
in the sense that yx = yx(y) for all k sufficiently large. Then 


v(y) = limp+0Q, (ye) 
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Since by Equation we have R(y,) > —6 for all & and since by hypothesis 
Q;, tends to infinity as n does, it follows that R(y) > 0. Thus if A(y) = 0, then 
Rm(y) = 0 and the result is established at y. Hence, we may assume that A(y) > 0, 
which means that A(y,) tends to infinity as k does. If v(y,) remains bounded 
below as k tends to infinity, then Qz'v(yK) converges to a limit which is > 0, and 
consequently Q;'u(yr) > Q;'v(yx) has a non-negative limit. Thus, in this case the 
Riemann curvature of go. at y is non-negative. On the other hand, if v(y,) goes 
to —oo as k does, then according to Equation (4.7) the ratio of X(yx)/R(yx) goes 
to zero. Since QQ; R(yk) converges to the finite limit R(y), the product Qi X (yx) 
converges to zero as k goes to infinity. This means that v(y) = 0 and consequently 
that u(y) > 0. Thus, once again we have non-negative curvature for goo at y. 

The argument in the case of a geometric limit flow is identical. O 





COROLLARY 5.34. Suppose that (Mx, gx(t)) is a sequence of Ricci flows each 
of which has time interval of definition contained in [0,00) with each My, being a 
compact 3-manifold. Suppose further that, for each k, we have |Rm(pz,0)| < 1 for 
all pp € M;,. Then any blow-up limit of this sequence of Ricci flows has non-negative 
curvature. 


Proor. According to Theorem [4.26] the hypotheses imply that for every k the 
Ricci flow (Mz, gx(t)) has curvature pinched toward positive. From this, the corollary 
follows immediately from the previous theorem. O 





5. Splitting limits at infinity 


In our later arguments we shall need a splitting result at infinity in the non- 
negative curvature case. Assuming that a geometric limit exists, the splitting result 
is quite elementary. For this reason we present it here, though it will not be used 
until Chapter [9] 

The main result of this section gives a condition under which a geometric limit 
automatically splits off a line; see FIc. 


THEOREM 5.35. Let (M,g) be a complete, connected manifold of non-negative 
sectional curvature. Let {r,} be a sequence of points going off to infinity, and 
suppose that we can find scaling factors \, > 0 such that the based Riemannian 
manifolds (M,Ang,tn) have a geometric limit (Moo, 9oo;Loo). Suppose that there 
is a point p € M such that »d?(p,an) > 00 as n — oo. Then, after passing to 
a subsequence, minimizing geodesic arcs yy, from <n to p converge to a minimizing 
geodesic ray in Mo. This minimizing geodesic ray is part of a minimizing geodesic 
line £ in Mg. In particular, there is a Riemannian product decomposition Mj. = 
N x R with the property that £ is {x} x R for some xe N. 


ProoF. Let d, be the distance from p to x,. Consider minimizing geodesic arcs 
Yn from p to x,. By passing to a subsequence we can assume that tangent directions 
at p of these arcs converge. Hence, for every 0 < 6 < 1 there is N such that for all 
n,m > N the angle between y,, and 7, at p is less than 6. For any n we can choose 
m(n) such that dmn)) = dn(1+1/6). Let uy» be a minimizing geodesic from x, to 
Im(n)- Now applying the Toponogov comparison (first part of Theorem [2.4) and the 
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1 
1 Zoo 
1 
\ 


limit as n tends to infinity 
FIGURE Splitting 2. at infinity. 


usual law of cosines in Euclidean space, we see that the distance d from Zp, to Zp (n) 


dm(n) —dn<d< 4) Oe, oe d-(n) = 2dndm(n)C08(6). 


Let 0, = Z,/, of the Euclidean triangle A(z}, p’, n(n) with |sq1 p'| = dn, |Sq/ 2! 


m(n) 


satisfies 


| = 
d and |s,7,/ st = dyn). Then for any a < d, and 6 < d let x and y be the points 


On Sy,» and on Szntm(ny at distances a and ( respectively from x,. Given this, 
according to the Toponogov comparison result (first part of Theorem [2.4], we have 


d(x, y) > Va? + 6? — 2aBcos(6,). 


The angle 0,, satisfies: 
d? + d? — 2d,dcos(On) = d? 


m(n)* 
Thus, 
dr, +d — dF 7) 
2d,d 
2d? — 2dndmnyCos(6) 
2dga 
dn _ din) cos(0) 


< 6—(1-6)cos(6). 


d d 
Since 6 > 0 as n — oc, it follows that given any 6 > 0, for all n sufficiently large, 
1+ cos(6,) < 6. 

We are assuming that the based Riemannian manifolds {(M, Ang, tn) }°2, con- 
verge to a geometric limit (Moo, goo, Zoo). Also, by assumption, d),,g,,(p,%n) — 00 as 
n — oo, so that the lengths of the y,, tend to infinity in the metrics A,gn. This also 
means that the lengths of u,, measured in the metrics Angp, tend to infinity. Thus, 
by passing to a subsequence we can assume that each of these families, {7,,} and 
{un}, of minimizing geodesic arcs converges to a minimizing geodesic arc, which we 
denote ¥ and J, respectively, in M,, emanating from x. The above computation 
shows that the angle between these arcs is 7 and hence that their union is a geodesic, 
say €. The same computation shows that ¢ is minimizing. 


cos(6n,) 


IA 
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The existence of the minimizing geodesic line @ together with the fact that the 
sectional curvatures of the limit are > 0 implies by Lemma [2.14] that the limit 


manifold is a Riemannian product N x R in such a way that ¢ is of the form {x} x R 
O 





for some xz € N. 


CHAPTER 6 


A comparison geometry approach to the Ricci flow 


In this section we discuss Perelman’s notions, introduced in [53], of the £-length 
in the context of generalized Ricci flows. This is a functional defined on paths 
in space-time parameterized by backward time, denoted 7. The £-length is the 
analogue in this context of the energy for paths in a Riemannian manifold. We 
derive the associated Euler-Lagrange equation for the £-length; the critical paths 
are then £-geodesics. Using £-geodesics we define the £-exponential mapping. We 
derive the £-Jacobi equation and relate £-Jacobi fields to the differential of the L£- 
exponential mapping. There is the analogue of the interior of the cut locus. It is the 
open subset, depending on the parameter 7, of the tangent space of initial vectors for 
£-geodesics which are minimizing out to time 7 and at which the £-geodesic map is 
a local diffeomorphism at time 7. The difference between this situation and that of 
geodesics in a Riemannian manifold is that there is such an open set in the tangent 
space for each positive 7. The analogue of the fact that, for ordinary geodesics, the 
interior of the cut locus in the tangent space is star-shaped from the origin is that 
the open set of ‘good’ initial conditions at 7 is contained the open subset of ‘good’ 
initial conditions at time 7’ for any 7’ < 7. All of these results are local and are 
established in the context of generalized Ricci flows. In the next section we consider 
the case of ordinary Ricci flows, where we are able to extend our results over the 
entire manifold. 

There are two applications of this theory in our study. In Section [8] we use the 
theory of £-geodesics and the associated notion of reduced volume to establish non- 
collapsing results. These are crucial when we wish to take blow-up limits in studying 
singularities in Ricci flows and Ricci flows with surgery. The second application will 
be in Section [9] to «-solutions (ancient, k-non-collapsed solutions of bounded non- 
negative curvature). Here the second-order inequalities on the length function that 
we establish in this section are used to prove the existence of an asymptotic soliton 
for any «-solution. This asymptotic soliton is important for giving qualitative results 
on «-solutions. 


1. £-length and C-geodesics 


The running assumption throughout this section is that we have an n-dimensional 
generalized Ricci flow (M,G). In particular, the space-time M is a smooth manifold 
of dimension n + 1 whose boundary lies at the initial and final times (if they exist). 
Recall that its tangent bundle naturally decomposes as the direct sum of the sub-line 
bundle spanned by the vector field x and the horizontal tangent bundle, denoted 
HTM. We also fix a time 7’ in the time interval of definition of the flow distinct 
from the initial time. 
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DEFINITION 6.1. Let 0 < 7) < 72 be given and let y: [71,72] ~ M bea continuous 
map. We say that ¥ is parameterized by backward time provided that y(r) € Mr_, 
for all 7 € [71, 72] 


Throughout this section the paths 7 that we consider shall be parameterized by 
backward time. We begin with the definition of £-length of such a path. 


DEFINITION 6.2. Let y: [71,72] ~ M, 0< T1 < 7%, be a C!-path parameterized 
by backward time. We define X,(7) to be the horizontal projection of the tangent 
vector dy(r)/dr, so that dy/dr = —yx + Xy(7) with X,(7) € HTM. We define the 
L-length of y to be: 


cn) = f° ve (RO(e) +P) de, 


where the norm of X.,(7) is measured using the metric Gr_-; on HTM. When 7 is 
clear from the context, we write X for X,; see F1G. [2] from the Introduction. 


With a view toward better understanding the properties of the paths that are 
critical points of this functional, the so-called £-geodesics, especially near 7 = 0, it 
is helpful to introduce a convenient reparameterization. We set s = \/7. We use 
the notation A(s) to denote the horizontal component of the derivative of y with 
respect to the variable s. One sees immediately by the chain rule that 


(6.1) A(s?) = 28X(s”) or A(T) = 2V7X(r). 
With respect to the variable s, the £-functional is 
pice al 2 2 
(6.2) £6) = f° (SIA)? + 2R0(9))s? ) as 
J 2 
Let’s consider the simplest example. 
EXAMPLE 6.3. Suppose that our generalized Ricci flow is a constant family of 


Euclidean metrics on R” x [0,7]. That is to say, g(t) = go is the usual Euclidean 
metric. Then we have R(y(rT)) = 0. Using the change of variables s = \/7, we have 


1 fv” 2 
Lo)=5 f' |Als) Pas 
VT 
which is the standard energy functional in Riemannian geometry for the path y(s). 
The minimizers for this functional are the maps s +> (a(s), 7’ — s”) where a(s) is a 


straight line in R” parameterized at constant speed. Written in the 7 variables the 
minimizers are 


y(T) = (x ae Vru,T ~~ 7) 
straight lines parameterized at speed varying linearly with \/T. 


1.1. L-geodesics. 


LEMMA 6.4. The Euler-Lagrange equation for critical paths for the £L-length is 


1 1 
(6.3) VxX — 5VR+ 5X + 2Rie(X,-)* = 0. 
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REMARK 6.5. Ric(X,-) is a horizontal one-form along y and its dual Ric(X, -)* 
is a horizontal tangent vector field along y. 


PrRooF. First, let us suppose that the generalized Ricci flow is an ordinary Ricci 
flow (M, g(t)). Let y,(7) = y(7, u) be a family of curves parameterized by backward 
time. Let 

Y(r,u) = ane 

, Ou 

Then X(r,u) = X4,(7,u) and Y(r,u) are the coordinate vector fields along the 

surface obtained by taking the projection of y(7T,u) into M. Thus, [Xx : Y] = 0. We 
denote by X and Y the restrictions of X and Y, respectively to yo. We have 


FL whao = ae (fo VERY) + [C70] ar) 





U u=0 


= [ VTUVR,Y) + (Vy X)luco, X))dr 


On the other hand, since 0g/Or = 2Ric and since [X,Y] = 0, we have 


DE (WT X) g(r) = eV X) + 2VTVRY,X) + VAY, VX) 
+4,/rRic(Y, X) 
= Fe.) + 2VF(Vy Reno, X) + VAY, Vx) 
+4,/7Ric(Y, X) 


Using this we obtain 


d 


RW = f PR lWAMN]-zuN 


+V7((VR,Y) —2(Y,VxX) — 4Ric(X, Y)))ar 
= 2F7¥,X)P 


(6.4) + i VY, (VR- x — 2V xX — 4Ric(X,-)*))dr. 


Now we drop the assumption that the generalized Ricci flow is an ordinary Ricci 
flow. Still we can partition the interval [7,, 72] into finitely many sub-intervals with 
the property that the restriction of yo to each of the sub-intervals is contained in a 
patch of space-time on which the generalized Ricci flow is isomorphic to an ordinary 
Ricci flow. The above argument then applies to each of the sub-intervals. Adding 
up Equation over these sub-intervals shows that the same equation for the first 
variation of length for the entire family +, holds. 

We consider a variation y(7, u) with fixed endpoints, so that Y(71) = Y(72) =0. 
Thus, the condition that y be a critical path for the £-length is that the integral 
expression vanish for all variations Y satisfying Y(71) = Y(72) = 0. Equation 
holds for all such Y if and only if y satisfies Equation (6.3). O 





128 6. A COMPARISON GEOMETRY APPROACH TO THE RICCI FLOW 


REMARK 6.6. In the Euler-Lagrange equation, VR is the horizontal gradient, 
and the equation is an equation of horizontal vector fields along y. 


DEFINITION 6.7. A curve y, parameterized by backward time, that is a criti- 
cal point of the £-length is called an L-geodesic. Equation (6.3) is the £L-geodesic 
equation. 


Written with respect to the variable s = \/7 the L-geodesic equation becomes 
(6.5) V a(syA(s) — 2s°V R + 4sRic(A(s), -)* = 0. 
Notice that in this form the ODE is regular even at s = 0. 


LEMMA 6.8. Let y: [0,72] ~ M be an L-geodesic. Then lim,9,/T X(T) exists. 
The L-geodesic y is completely determined by this limit (and by 72). 
PROOF. Since the ODE in Equation (6.5) is non-singular even at zero, it follows 


that A(s) is a smooth function of s in a neighborhood of s = 0. , The lemma follows 
easily by the change of variables formula, A(T) = 2,/7X,(rT). O 





DEFINITION 6.9. An L-geodesic is said to be minimizing if there is no curve 
parameterized by backward time with the same endpoints and with smaller £-length. 


1.2. The £-Jacobi equation. Consider a family y(7, u) of £-geodesics param- 
eterized by u and defined on [71,72] with 0 < 7 < 7). Let Y(r) be the horizontal 
vector field along y defined by 


O 
Y(r) = wale u)|u=0- 
LEMMA 6.10. Y(r) satisfies the £-Jacobi equation: 
(6.6) 
1 1 
VxVxY+R(Y, X)X—SVy(VR)+5-Vx¥ +2(VyRic)(X, -)*+2Ric(VxY,-)* =0. 
This is a second-order linear equation for Y. Supposing that 7, > 0, there is a 
unique horizontal vector field Y along y solving this equation vanishing at T, with a 


given first-order derivative along y at 7. Similarly, there is a unique solution Y to 
this equation vanishing at T2 and with a given first-order derivative at 79. 


PROOF. Given a family y(r,u) of £-geodesics, then from Lemma [6.4] we have 
“a. i 2 ee ae 
Vex = 5V RO) — rein — 2Ric(X,-)*. 
Differentiating this equation in the u-direction along the curve u = 0 yields 
VyV ¢Xlu=o — gVy(VR) — 37 VY(X)|u=0 — 2Vy(Ric(X,-))*|u=o- 
Of course, we have 
Vy (Ric(X,-)*)|u-o = (VyRic)(X,-)* + Rie(Vy X|u-o,°)*. 


Plugging this in, interchanging the orders of differentiation on the left-hand side, 
using Vex = Vey, and restricting to u = O yields the equation given in the 
statement of the lemma. This equation is a regular, second-order linear equation 
for all 7 > 0, and hence is determined by specifying the value and first derivative at 
any T > 0. CO 
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Equation is obtained by applying Vy to Equation and exchanging 
orders of differentiation. The result Equation (6.6) is a second-order differential 
equation for Y that makes no reference to an extension of 7(7) to an entire family 
of curves. 


DEFINITION 6.11. A field Y(7) along an L£-geodesic is called an £L-Jacobi field 
if it satisfies the L-Jacobi equation, Equation (6.6), and if it vanishes at 7. For 
any horizontal vector field Y along 7 we denote by Jac(Y) the expression on the 
left-hand side of Equation (6.6). 


In fact, there is a similar result even for 7, = 0. 


LEMMA 6.12. Let y be an L-geodesic defined on [0,72] and let Y(r) be an L-Jacobi 
field along y. Then 
lim;.0/TVXY 


exists. Furthermore, Y(r) is completely determined by this limit. 


ProoF. We use the variable s = \/7, and let A(s) be the horizontal component 
of dy/ds. Then differentiating the £-geodesic equation written with respect to this 
variable we see 


VaVaY =—R(Y, A)A + 2s?Vy (VR) — 4s(VyRic)(A, -) — 4sRic(VaY,-). 
Hence, for each tangent vector Z, there is a unique solution to this equation with 


the two initial conditions Y(0) = 0 and V4Y(0) = Z. 


On the other hand, from Equation (6.1) we have Vx(Y) = +=Va(Y), so that 


a 
ViVx(¥) = 5Va(¥), 





O 


1.3. Second order variation of £. We shall need the relationship of the 
£-Jacobi equation to the second-order variation of £. This is given in the next 
proposition. 


PROPOSITION 6.13. Suppose that y is a minimizing £L-geodesic. Then, for any 
vector field Y along y, vanishing at both endpoints, and any family yy, of curves 
parameterized by backward time with yo = y and with the u-derivative of the family 
at u = 0 being the vector field Y along y, we have 


a 72 
5 F(Yu)lu=o = -{ 2.4/7 (Jac(Y), Y)dr. 
du m 

This quantity vanishes if and only if Y ts an L-Jacobi field. 


Let us begin the proof of this proposition with the essential computation. 


LEMMA 6.14. Let y be an L-geodesic defined on |m,72], and let Yi and Y2 be 
horizontal vector fields along y vanishing at 7. Suppose that Yu,u. 18 any family 
of curves parameterized by backward time with the property that yo, = y and the 
derivative of the family in the u,-direction at uy = ug = 0 is Y;. Let Y; be the image 
of O/Ou;, under Yu, ju, and let X be the image of the horizontal projection of 0/Or 
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under this same map, so that the restrictions of these three vector fields to the curve 
Yo,0 = y are Y1,Y2 and X respectively. Then we have 


0 O ~ ~ 
L(y juz) buy =u2=0 = 2/721 (72) (Y2(72, U1, 0), X (72, U1, 0)) Ju, =0 
Out Our 


_ / “pdr aae ide 


1 
Proor. According to Equation we have 


O ae ae 
Bug (Nu 2) = 2,/T2(Y2(T2, U1, U2), X (72, U1, U2)) 


T?: oy ae 
= / TBE CX ean) oe. ide 
Fl 


where EL(X (7, ui, u2)) is the Euler-Lagrange expression for geodesics, i.e., the left- 
hand side of Equation (6.3). Differentiating again yields: 


0 O ~ ~ 
Dun Dug Ee Wanee2) =n =0 = 2./72V1 (72) (Yo(72, U1, 0), X (72, U1, 0))| 4.0 


(6.7) 2 i WT ((Vy EL(X), ¥) A (BL(X), Vy, ¥5)) (r, 0, 0)dr. 


1. 


Since yo,0 = 7 is a geodesic, the second term in the integrand vanishes, and since 


[X, Yi] = 0, we have Vy, EL(X(7,0,0)) = Jac(Y1)(7). This proves the lemma. O 





REMARK 6.15. Let y(7,u) be a family of curves as above with (7,0), ™m < 
T <T, being an £-geodesic. It follows from Lemma and the remark after the 
introduction of the £-Jacobi equation that the second-order variation of length at 
u = 0 of this family is determined by the vector field Y(r) = 07/Ou along 7(-,0) 
and by the second-order information about the curve 7(7, u) at u = 0. 


COROLLARY 6.16. Let y be an L-geodesic and let Y,,Y2 be vector fields along y 
vanishing at T,. Suppose Y1(T2) = Y2(tT2) = 0. Then the bilinear pairing 


_ / ” Jz acl. Yaar 


a 


is a symmetric function of Y; and Yo. 


PRooF. Given Y; and Yo along y we construct a two-parameter family of curves 
parameterized by backward time as follows. Let y(7,u1) be the value at u; of the 
geodesic through y(T) with tangent vector Y|(7). This defines a family of curves 
parameterized by backward time, the family being parameterized by uw; sufficiently 
close to 0. We extend Y; and X to vector fields on this entire family by defining them 
to be 0/Ou, and the horizontal projection of 0/07, respectively. Now we extend the 
vector field Y2 along y to a vector field on this entire one-parameter family of curves. 
We do this so that Y2(72,u1) = Yi(tT2,u1). Now given this extension Y2(T, u1) we 
define a two-parameter family of curves parameterized by backward time by setting 
¥(T, u1, U2) equal to the value at uz of the geodesic through y(r, v1) in the direction 
Y2(7,u1). We then extend Yj, Y2, and X over this entire family by letting them 
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be 0/0u1, 0/Ouz, and the horizontal projection of 0/0r, respectively. Applying 
Lemma [6.14] and using the fact that Y;(7) = 0 we conclude that 


tip | ” oF (Jac(V1), Ya)dr 


Out Oug T1 


and symmetrically that 


a 0 i 
Dun Duy eV hs=u2=0 = -{ 2/7 (Jac(¥2), Yi)dr. 


1 





Since the second cross partials are equal, the corollary follows. O 
Now we are in a position to establish Proposition [6.13 


Proor. (Of Proposition From the equation in Lemma [6.14] the equality 
of the second variation of £-length at u = 0 and the integral is immediate from the 
fact that Y (72) = 0. It follows immediately that, if Y is an £-Jacobi field vanishing 
at T2, then the second variation of the length vanishes at u = 0. Conversely, suppose 
given a family 7, with yo = y with the property that the second variation of length 
vanishes at u = 0, and that the vector field Y = (O7/Ou)|u=0 along y vanishes at 
the end points. It follows that the integral also vanishes. Since y is a minimizing 
£-geodesic, for any variation W, vanishing at the endpoints, the first variation of 
the length vanishes and the second variation of length is non-negative. That is to 
say, - 

7 / 2/7 (Jac(W), W)dr > 0 
T1 
for all vector fields W along y vanishing at the endpoints. Hence, the restriction to 


the space of vector fields along y vanishing at the endpoints of the bilinear form 
T2 
B(Y1, 2) = — | a/r(Jac(¥), (Ya)dr, 
al 
which is symmetric by Corollary [6.16] is positive semi-definite. Since B(Y,Y) = 0, 
it follows that B(Y,-) = 0; that is to say, Jac(Y) = 0. O 





2. The £-exponential map and its first-order properties 


We use £-geodesics in order to define the £-exponential map. 

For Section [2] we fix 7, > 0 and a point x € M with t(x) = T — 7). We suppose 
that T’— 7, is greater than the initial time of the generalized Ricci flow. Then, for 
every Z € T,Mr_-,,, there is a maximal £-geodesic, denoted yz, defined on some 
positive r-interval, with yz(7,) = # and with \/7X(7,) = Z. (In the case 7; = 0, 
this equation is interpreted to mean lim,.9 /7 X(T) = Z.) 


DEFINITION 6.17. We define the domain of definition of Lexp,, denoted D,, to 
be the subset of T,Mr_,, x (71,00) consisting of all pairs (Z,7) for which tT > 7%) 
is in the maximal domain of definition of yz. Then we define £Lexp,: Dz — M by 
setting Lexp,(Z,7) = yz(7) for all (2,7) € D,. (See Fic. []) We define the map 
L:D, ~R by Le, THH=L (alta): Lastly, for any T > 7, we denote by Lexp7, 
the restriction of Cexp,, to the slice 


D,= DP, hi (Meee, 41th), 
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which is the domain of definition of Lexp;. We also denote by L’ the restriction of 
L to this slice. We will implicitly identify Dt with a subset of T,M7_,,. 


HT,M x [0, 00) 








Space-time 


FIGURE 1. The map Lexp,. 


LEMMA 6.18. D, is an open subset of T,Mr_-,, X (71,00); its intersection with 
each line {Z} x (7,00) is a non-empty interval whose closure contains 7. Further- 
more, Lexp,: Dz — M is a smooth map, and L is a smooth function. 


PRoor. The tangent vector in space-time of the £-geodesic y is the vector field 
—x + X,(7) along y, where X,(7) satisfies Equation (6.3). As above, in the case 
7 = 0, it is convenient to replace the independent variable t by s = \/7, so that 
the ODE becomes Equation which is regular at 0. With this change, the 
lemma then follows immediately by the usual results on existence, uniqueness and 
C®™-variation with parameters of ODE’s. O 





2.1. The differential of Cexp. Now we compute the differential of Lexp. 


LEMMA 6.19. Let Z € Dl C T,Mr_,,. The differential of Lexp?, at the point 
Z is given as follows: For each W € T;,(Mr_,,) there is a unique L-Jacobi field 
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Yw(r) along yz with the property that \/71Yw(t1) = 0 and /71Vx(Yw)(11) = W. 
We have 

dz Lexp;,(W) = Yw(7). 
Again, in case T; = 0, both of the conditions on Yw are interpreted as the limits as 
T— 0. 

Proor. Let Z(u) be a curve in D7, with Z(0) = Z. Let +, be the L-geodesic 

starting at x with \/7X,,,(71) = Z(u). Then, clearly, 

aj ae 0 = 

az.Lewps (F(0)) = 2 (u(7)) bo 


On the other hand, the vector field Y(rT) = (Oyu(7)/Ou) |u=o is an L-Jacobi field 

along yz. Thus, to complete the proof in the case when 7, > 0 we need only see 

that VxY (m1) = Vy-X(t1). This is clear since, as we have already seen, [X,Y] = 0. 
When 7, = 0, we complete the argument using the following claim. 


CLAIM 6.20. If 7, =0, then 


0 d 
au (lim;0/7X (7, u)) |u=o = lim;oVT = Y (7). 

ProoF. This follows immediately by changing variables, replacing tT by s = 
VT. O 
O 


This completes the proof of Lemma |6.19 





2.2. Positivity of the second variation at a minimizing C-geodesic. If 
y is a minimizing £-geodesic, then variations of y fixing the endpoints give curves 
whose £-length is no less than that of y. In fact, there is a second-order version of 
this inequality which we shall need later. 


COROLLARY 6.21. Let Z € T,Mr_,,. Suppose that the associated L-geodesic 
yz minimizes L-length between its endpoints, x and yz(T), and that dzLexpi, is an 
isomorphism. Then for any family y, of curves parameterized by backward time with 
Y = (07/Ou)|u=0 vanishing at both endpoints, we have 

da 
du? 


with equality if and only if Y = 0. 


L(%u)|u=0 > 0, 


Proor. According to Proposition [6.13] the second variation in the Y-direction 
is non-negative and vanishes if and only if Y is an £-Jacobi field. But since dz Lexp*, 
is a diffeomorphism, by Lemma|6.19] there are no non-zero £L-Jacobi fields vanishing 
at both endpoints of yz. O 





2.3. The gradient of L’. Recall that L” is the map from D7, to R that assigns 
to each Z the C-length of yz|;,,,7. We compute its gradient. 


LEMMA 6.22. Suppose that Z € D’. Then for any Y € TyMp_7, = Tz(D7) we 
have 7 
(VL, Y) = 2V/7(X(r), dz (Lexp7) (Y)). 
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PROOF. Since DZ is an open subset of Ti,(Mr_7,), it follows that for any Y € 
Tr(Mr_,,) there is a one-parameter family y,(7’) = y(7’, u) of L-geodesics, defined 
for 7 <7! <7, starting at x with y(-,0) = yz and with a (/71X(71)) = Y. (Again, 
when 7 = 0, this equation is interpreted to mean Flim, o(W7'X(r',u)) =Y.) 
Let Y(7') = 2 (y(7',u))|u=0 be the corresponding £-Jacobi field along yz. Since 
y(™1,u) = x for all u, we have Y(7,) = 0. Since 7(-,u) is an £-geodesic for all u, 
according to Equation (6.4), and in the case 7, = 0, using the fact that /7X(7’) 
approaches a finite limit as tT — 0, we have 


d 
Te We) lu=0 = 2V7(X (1), ¥(7)). 
By Lemma we have Y(t) = dzLexp(Y). Thus, 


(VET, P) = FL(qa)luco = WHX(1),¥(r)) = W(X(7), dea Lexp)(P)). 





O 


2.4. Local diffeomorphism near the initial 7. Now let us use the nature 
of the £-Jacobi equation to study Lexp,, for T > 7 but 7 sufficiently close to 7). 


LEMMA 6.23. For any x in M with t(x) =T — 7 and any Z € T,My_,,, there 
is 0 > 0 such that for any T with 7) < 7 < ™|+ 06 the map Lexps, ts a local 
diffeomorphism from a neighborhood of Z in T,Mr_,, to Mr_,. 


PrRoor. Fix xz and Z as in the statement of the lemma. To establish the result 
it suffices to prove that there is 6 > 0 such that dz£exps, is an isomorphism for all 
™1<7<7,4+6. By Lemmal[6.19]it is enough to find a 6 > 0 such that any £-Jacobi 
field Y along yz with \/7|VxY(t1) 4 0 does not vanish on the interval (71,7, + 4). 
Because the £-Jacobi equation is linear, it suffices to consider the case of £L-Jacobi 
fields with |VxY(71)| = 1. The space of such fields is identified with the unit sphere 
in T, My_,,. Let us consider first the case when 7; 4 0. Then for any such tangent 
vector VxY(71) # 0. Since Y(71) = 0, it follows that Y(r) 4 0 in some interval 
(71,71 + 6), where 6 can depend on Y. Using compactness of the unit sphere in the 
tangent space, we see that there is 6 > 0 independent of Y so that the above holds. 

In case when 7; = 0, it is convenient to shift to the s = \/7 parameterization. 
Then the geodesic equation and the £-Jacobi equation are non-singular at the origin. 
Also, letting A = dyz/ds we have VaY = 2lim;_.9,/7V x Y. In these variables, the 
argument for 7; = 0 is the same as the one above for 7, > 0. O 





REMARK 6.24. When 7, > 0 it is possible to consider the Lexp7, defined for 
0<7< 7. In this case, the curves are moving backward in 7 and hence are moving 
forward with respect to the time parameter t. Two comments are in order. First of 
all, for T < 71, the gradient of LT is —2\/7X(r). The reason for the sign reversal is 
that the length is given by the integral from 7 to 7) and hence its derivative with 
respect to 7 is the negative of the integrand. The second thing to remark is that 
Lemma [6.23] is true for tT < 7 with 7 sufficiently close to 7,. 
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3. Minimizing £-geodesics and the injectivity domain 


Now we discuss the analogue of the interior of the cut locus for the usual expo- 
nential map of a Riemannian manifold. For Section B] we keep the assumption that 
x €M with t(x) =T — 7 for some 7) > 0. 


DEFINITION 6.25. The injectivity set Un C Dz C (T%Mr_,, x (m1,00)) is the 
subset of all (Z,7) € D, with the following properties: 
(1) The map Lexp?, is a local diffeomorphism near Z from T,,(Mr_,,) to Mr_,. 
(2) There is a neighborhood Z of Z in D7, such that for every Z’ € Z the L- 
geodesic ¥z/||,,,r] is the unique minimizing path parameterized by backward 
time for the £-length. That is to say, the C-length of yz/|,,,,,] is less than 
the £-length of any other path parameterized by backward time between 
the same endpoints. 
For any T > 71, we set U, (7) C T,Mr_,, equal to the slice of Un at T, Le., U, (rT) is 
determined by the equation 


U,(7) x {rT} =U, N(TrMr_7, x {T}). 


It is clear from the definition that Ur C D, is an open subset and hence Ur is 
an open subset of T; Mp_-;, x (71,00). Of course, this implies that U/,(7) is an open 
subset of DZ, for every T > 71. 


DEFINITION 6.26. We set UU, C M equal to Lexp,(U,). We call this subset of M 
the injectivity domain (of x). For any T > 7, we set U,(7T) =U, N Mr_-. 


By definition, for every point gq € U, for any (Z,T) € Uy, with Lexp,(Z,7T) = 4, 
the L-geodesic yz|;,,,7] is a minimizing C-geodesic to q. In particular, there is a 
minimizing £-geodesic from x to q. 


DEFINITION 6.27. The function L,: U, — R assigns to each qg in U, the length 
of any minimizing £-geodesic from x to q. For any 7 > 7, we denote by L7 the 
restriction of L, to the T — 7 time-slice of Uz, i.e., the restriction of L, to U,(r). 


This brings us to the analogue of the fact that in Riemannian geometry the restric- 
tion to the interior of the cut locus of the exponential mapping is a diffeomorphism 
onto an open subset of the manifold. 

PROPOSITION 6.28. The map 

Lexp,: Uy > M 
is a diffeomorphism onto the open subset U, of M. The function L: U, — R that 
associates to each q € U, the length of the unique minimizing £L-geodesic from x to 
q ts a smooth function and 
Lz 0 Lexpelg, = Liy,- 

ProoFr. We consider the differential of Cexp, at any (Z,T) € U,,. By construc- 
tion the restriction of this differential to T;, Mp_,, is a local isomorphism onto HTM 
at the image point. On the other hand, the differential of Cexp,, in the 7 direction 
is Y7(T), whose ‘vertical’ component is —y. By the inverse function theorem this 
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shows that Lexp, is a local diffeomorphism at (Z,7), and its image is an open subset 
of M. The uniqueness in Condition 2, of the definition immediately implies that the 
restriction of Lexp,, to Uy is one-to-one, and hence that it is a global diffeomorphism 
onto its image U,. 

Since for every (Z,T) € U,, the L-geodesic Yz\|j7,,7] is C-minimizing, we see that 





Lg © Lexpz|g, — Lig. and that L,: U, — R is a smooth function. O 
According to Lemma [6.22] we have: 
COROLLARY 6.29. At any q €U,(T) we have 
VL7(q) = 2VTX (7) 


where X(T) is the horizontal component of y'(r), where y is the unique minimizing 
L-geodesic connecting x to q. (See Fic. [Qin the Introduction.) 


At the level of generality that we are working (arbitrary generalized Ricci flows) 
there is no result analogous to the fact in Riemannian geometry that the image 
under the exponential mapping of the interior of the cut locus is an open dense 
subset of the manifold. There is an analogue in the special case of Ricci flows on 
compact manifolds or on complete manifolds of bounded curvature. These will be 
discussed in Section [7] 


3.1. Monotonicity of the U(r) with respect to +. Next, we have the 
analogue of the fact in Riemannian geometry that the cut locus is star-shaped. 


PROPOSITION 6.30. Let 7 > 7. Then U, (7’) Cc U, (T) CT Mpa: 


Proor. For Z € U,(7’), we shall show that: (i) the L-geodesic 7z'|[r,7] is the 
unique minimizing L-geodesic from x to yz(7), and (ii) the differential dzLexp’, 
is an isomorphism. Given these two conditions, it follows from the definition that 
U,(7’) is contained in U, (7). 

We show that the L-geodesic yz|j,,,7 is the unique minimizing L- geodesic to 
its endpoint. If there is an £-geodesic 7, distinct from yz|/,, 74, from x to yz(T) 
whose £-length is at most that of yz|,, 4, then we can create a broken path 7 * 
Yzler] parameterized by backward time whose £-length is at most that of yz. 
Since this latter path is not smooth, its £-length cannot be the minimum, which is 
a contradiction. 

Now suppose that dz£exp? is not an isomorphism. The argument is similar to the 
one above, using a non-zero £-Jacobi field vanishing at both endpoints rather than 
another geodesic. Let 75 be the first + for which dz£Lexp7, is not an isomorphism. 
According to Lemmal6.23] 7, < 75 < 7. Since Lexp? is not a local diffeomorphism at 
(Z,73), by Lemma [6.19]there is a non-zero £-Jacobi field Y along yyz|,,,,,4) vanishing 
at both ends. Since Val panei is £-minimizing, according to Proposition the 
second variation of the length of Ya \n,r8] in the Y-direction vanishes, in the sense 
that if y(u,7) is any one-parameter family of paths parameterized by backward time 
from x to yz(74) with (Oy/Ou)|u=0 = Y then 


Ou2 lest = 
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Extend Y to a horizontal vector field Y along yz by setting Y(r) = 0 for all t € 
[75,7]. Of course, the extended horizontal vector field Y is not C? at T since Y, 
being a non-zero £-Jacobi field, does not vanish to second order there. This is the 
first-order variation of the family 7(u,7) that agrees with y(u,7) for all 7 < 75 and 
has 4(u,T) = yz(r) for all 7 € [74,7]. Of course, the second-order variation of 
this extended family at u = 0 agrees with the second-order variation of the original 
family at u = 0, and hence vanishes. But according to Proposition [6.13] this means 
that Y is an £-Jacobi field, which is absurd since it is not a C?-vector field. O 





We shall also need a closely related result. 


PROPOSITION 6.31. Let y be a minimizing L-geodesic defined for [71,7]. Fix 
O< 1 <2 <T, and set qg = (72), and Zz = \/72X4(T2). Then, the map Lexp,, 
is diffeomorphism from a neighborhood of {Z2} x (72,7) in TgMr—7, x (72,00) onto 
a neighborhood of the image of ¥\(7,7)- 


ProoF. It suffices to show that the differential of Lexpj, is an isomorphism for 
all + € (79,7). If this is not the case, then there is a 7’ € (72,7] and a non-zero L- 
Jacobi field Y along yz|;,5,-") vanishing at both ends. We extend Y to a horizontal 
vector field Y along all of YzZ\[n,r7) by setting it equal to zero on [71,72]. Since Y 
is an £-Jacobi field, the second-order variation of £-length in the direction of Y is 
zero, and consequently the second-order variation of the length of yz|;,, ,-7) vanishes. 
Hence by Proposition [6.13] it must be the case that Y is a L-Jacobi field. This is 
impossible since Y is not smooth at 7’. O 





We finish this section with a computation of the 7-derivative of L,. 
LEMMA 6.32. Suppose that q € U, with t(q) = T —T for some T > %. Let 
y: [11,T] ~ M be the unique minimizing L-geodesic from x to q. Then we have 


OL, 
OT 
ProoF. By definition and the Fundamental Theorem of Calculus, we have 
d 
Gp bel(r)) = v7 (Rr) + |X(r)/*). 
On the other hand since y(t) = —0/0t + X(r) the chain rule implies 


£ Le((7)) = (WLe, X(r)) + 2((n)), 





(6.8) (q) = 2VFR(q) — V7 (R(q) + |X) - 








dr 
so that 
OLy 
5, (C7) = V7 (RO(7)) + |X(r)|?) — (VLe, X(7)). 
Now using Corollary [6.29] and rearranging the terms gives the result. O 





4. Second-order differential inequalities for L7 and L7 


Throughout Section [4] we fix « € M with x € Mr_,,. 
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4.1. The second variation formula for L™. Our goal here is to compute the 
second variation of L7 in the direction of a horizontal vector field Y(r) along an 
L£-geodesic y. Here is the main result of this subsection. 


PROPOSITION 6.33. Fir 0 < 7 < 7. Let y be an L-geodesic defined on [1,7] 
and let yu = ¥(T,u) be a smooth family of curves parameterized by backward time 
with yo = y. Let Y(r, u) be 0¥/Ou and let X be the horizontal component of Oy /Or. 
These are horizontal vector fields along the image of y. We set Y and X equal to 
the restrictions of Y and X, respectively, toy. We assume that Y(7) =0. Then 


2 Ae 
5 (Ll) ao = 2VF(Ty (ap CF, U)lamo, X(F)) 


+ / . J/7(Hess(R)(Y,Y) + 2(R(Y, X)Y, X) — 4(VyRic)(X, Y) 
4+2(VxRic)(Y,Y) + 2|VxY|?)dr. 


As we shall see, this is simply a rewriting of the equation in Lemma [6.14] in the 
special case when wu, = uo. 
We begin the proof of this result with the following computation. 


CLAIM 6.34. Let y(7) be a curve parameterized by backward time. Let Y be a 
horizontal vector field along y and let X be the horizontal component of O7/Or. 
Then 


O 
a7 Vx"; YY) = (VxY, VxY) + (VxVxY,Y) 
+ IRic(VxY,Y)) + (VxRie)(Y,Y)) 


PROOF. We can break ZV xY,Y) into two parts: the first assumes that the 
metric is constant and the second deals with the variation with 7 of the metric. The 
first contribution is the usual formula 

0 
a7 Vx"; Y)air—m) = (VxY, VxY )a(r—m) + (Vx VXY,Y)a(r—m): 
This gives us the first two terms of the right-hand side of the equation in the claim. 
We show that the last two terms in that equation come from differentiating the 
metric with respect to 7. To do this recall that in local coordinates, writing the 
metric G(T — 7) as gj, we have 


(VxY,Y) = gij(X* ORY? + Ty XPY)Y!. 


There are two contributions coming from differentiating the metric with respect to 
T. The first is when we differentiate g;;. This leads to 


QRici; (X* OY? + TyX*Y')Y! = 2WRic(VxY, Y). 
The other contribution is from differentiating the Christoffel symbols. This yields 


ary, 
GjBEX VY! 
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Differentiating the formula I, = $ 9° (Ongst + A9sk — AsGk1) leads to 


or, 


IZ ~2Rici Vi + 9159 (OpRics + PRics, — OsRicgs) 


= —2Ric; V4, + OpRic;1 + ORic;~ — 0; Ricgi. 


Thus, we have 


ol? ; 
ve oan a = (-2RicijF4, + O,Ricj,)) X*Y'YI 
= (VxRic)(¥,V) 
This completes the proof of the claim. O 





Now we return to the proof of the second variational formula in Proposition [6.33 


ProoFr. According to Lemma|6.14] we have 


d2 = T2 
qe = 2W/FY (F)((Y (F, u), X (F, u))) uo — / 2/7(Jac(Y), Y)dr. 
U T1 
We plug in Equation [6.6] for Jac(Y) and this makes the integrand 


Vi(Vy(VR),Y) + 2V7(R(Y, X)Y,X) — 2VF(VxVXY,Y) + lWx¥, Y)) 


—4)/7(VyRic)(X, Y) — 4V7Ric(VxY, Y) 


The first term is ,/7Hess(R)(Y,Y). Let us deal with the third and fourth terms, 
which are grouped together within parentheses. According to the previous claim, 


we have 


F avitvxy, Y)) = FlVx¥, Y) + 2V7(VxVxY,Y) + 2V7(VXY, VxY) 
+4/rRic(VxY,Y) + 2V/7(VxRic)(Y,Y). 


This allows us to replace the two terms under consideration by 
O 
= (2/7(VxY,Y)) + 2V7(VXY, VxY) + 4V7Ric(VxY, Y) + 2V7(VxRic)(Y, Y). 


Integrating the total derivative out of the integrand and canceling terms leaves the 


integrand as 


V7Hess(R)(Y,Y) + 2V/7(R(Y, X)Y, X) + 2V7|Vx¥? 
—4,/7(VyRic)(X, Y) + 2/7(VxRic)(Y,Y), 


and makes the boundary term (the one in front of the integral) equal to 


2W7F(Y (TY (7, u), X(F, u)) luao — (Vx¥ (F), Y(7))) = 2V7(X (7), VY (7, u) luo). 





This completes the proof of the proposition. O 
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4.2. Inequalities for the Hessian of L7.. Now we shall specialize the type of 
vector fields along y. This will allow us to give an inequality for the Hessian of £ 
involving the integral of the vector field along y. These lead to inequalities for the 
Hessian of L7. The main result of this section is Proposition [6.37] below. In the end 
we are interested in the case when the 7, = 0. In this case the formulas simplify. 
The reason for working here in the full generality of all 7, is in order to establish 
differential inequalities at points not in the injectivity domain. As in the case of 
the theory of geodesics, the method is to establish weak inequalities at these points 
by working with smooth barrier functions. In the geodesic case the barriers are 
constructed by moving the initial point out the geodesic a small amount. Here the 
analogue is to move the initial point of an £-geodesic from 7, = 0 to a small positive 
T,. Thus, the case of general 7, is needed so that we can establish the differential 
inequalities for the barrier functions that yield the weak inequalities at non-smooth 
points. 


DEFINITION 6.35. Let ¢ € U,(7) and let y: [71,7] > M be the unique minimizing 


L-geodesic from x to qg. We say that a horizontal vector field Y (7) along y is adapted 
if it solves the following ODE on [7,7]: 


(6.9) VxY(r) = —Ric(Y(7),-)* + 


Direct computation shows the following: 


LEMMA 6.36. Suppose that Y(r) is an adapted vector field along y. Then 


(6.10) apt (7), Yr) 


2Ric(Y (7), Y(r)) + AVxY (7), ¥(7)) 
1 


= aT a ll 


It follows that 


I 


(V7 - Vm)” 
— 4/7)?’ 
where C = |Y (T)|?. 


Now we come to the main result of this subsection, which is an extremely impor- 
tant inequality for the Hessian of L7. 


PROPOSITION 6.37. Suppose that q € U,(T), that Z € U, (T) is the pre-image of 
q, and that yz is the L-geodesic to q determined by Z. Suppose that Y(r) is an 
adapted vector field along yz. Then 
(6.11) 


Hess(L7)(Y (7), Y(7)) < (eer) — 2/FRic(Y (7) mf VTH(X,Y)dr 
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where 
H(X,Y) = —Hess(R)(Y,Y) —2(R(Y, X)Y,X) 
(6.12) ~A(V x Ric) (Y,Y) + 4(VyRic)(Y, X) 
2 RK vy, VY) +2Ric(¥,-)/? — “Ric(¥, Y),. 


We have equality in Equation if and only if the adapted vector field Y is also 
a L-Jacobi field. 


REMARK 6.38. In spite of the notation, H(X,Y) is a purely quadratic function 
of the vector field Y along yz. 


We begin the proof of this proposition with three elementary lemmas. The first 
is an immediate consequence of the definition of U/,(7). 


LEMMA 6.39. Suppose that q € U,(T) and that y: [1,7] ~ M is the minimizing 
L-geodesic from x to q. Then for every tangent vector Y(T) € TyMr_z there is a 
one-parameter family of L-geodesics ¥(T, u) defined on [71,7] with (0, u) = x for all 
u, with ¥(7,0) = y(r) and OF(7,0)/Ou = Y (7). Also, for every Z € T,Mr_,, there 
is a family of L-geodesics ¥(T,u) such that 7(0,u) = x for all u, ¥(7,0) = y(7) and 
such that, setting Y(r) = 2 Fu(T)lu=0, we have 

V yrx(n)¥ (1) = Z. 

LEMMA 6.40. Let y be a minimizing L-geodesic from x, and let Y(r) be an L- 

Jacobi field along y. Then 
2/F(VxY (7), Y(F)) = Hess(L7)(Y (7), Y(7)). 


ProorF. Let ¥(7, u) be a one-parameter family of £-geodesics emanating from x 
with y(u, 0) being the £-geodesic in the statement of the lemma and with Zur, 0) = 
Y(r). We have the extensions of X(7) and Y(r) to vector fields X (7, wu) and Y (r, u) 
defined at y(7,u) for all 7 and u. Of course, 

2WF(VyX(F,u)lu=0, ¥ (7) 
= Y((2VFX(F,u), Y(F,u))) luo — (2V7X(F), VY (F, wu-o)- 
Then by Corollary we have 
2W7F(VyX(F,u)lu=o, ¥(F)) = Y(F)((V LZ, Y (7, u)) )luco — (VLE, Vy mY (7, u)|u=o) 


= Y(7)(¥(F, u)L7)\uao — VY (F, ¥)|u=o(L7) 
= Hess(L7)(Y (7), Yk 


O 





Now suppose that we have a horizontal vector field that is both adapted and 
L-Jacobi. We get: 


LEMMA 6.41. Suppose that q € U,(T), that Z € U,(T) is the pre-image of q, 
and that yz is the L-geodesic to q determined by Z. Suppose further that Y(r) is a 
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horizontal vector field along y that is both adapted and an L-Jacobi field. Then, we 
have 


a co T Pe ess(L7 7 T ic(Y (F Tye 
WeWF_ VA) | )| ie (Lz)(Y (7), ¥(7)) + Ric(Y (7), Y (7) 


ProoF. From the definition of an adapted vector field Y(7) we have 


Rie(¥ (7), ¥(7)) + (Wx¥ (1), ¥(0)) = pe eV (0) V'(0)). 


Since Y(r) is an £-Jacobi field, according to Lemma [6.40] we have 


(Vx¥ YH) = 5 eHess(L7)(V OF). Y): 


Putting these together gives the result. O 





Now we are ready to begin the proof of Proposition 


ProoF. Let ¥(7,u) be a family of curves with y(7,0) = yz and with u(r, ti) = 
Y(r,u). We denote by Y the horizontal vector field which is the restriction of Y to 
Yo = yz. We denote by q(u) = ¥(7,u). By restricting to a smaller neighborhood 
of 0 in the u-direction, we can assume that q(u) € U,(7) for all u. Then L(F,) > 


L7(q(u)). Of course, L7(q(0)) = L(yz). This implies that 


d = d 
Geel) uo = Fe luo 
and 
BG = d2 _ da 
Y(TVY 7, u)(L humo = FaLe (4) yo S FLW) lao 


Recall that VL7(q) = 2V7X(T), so that 

Vy @¥ (7, u)lu=o(L2) = (Vy @¥ (7, u)lu=0, VL") = 2VF(Vy @¥ (F, u)|u=0, X (7). 

Thus, by Proposition [6.33] and using the fact that Y(7,) = 0, we have 
Hess(L7)(¥ (7), ¥(F)) = ¥ (7) (¥(F, w(L2)) luo — Vy ¥ (F, whu=o(L5) 


da 
eee aoe 
~ du? 


/ / V7 (Hess(R)(Y,Y) + 2(R(Y, X)Y, X) — 4(VyRic)(X,Y) 


L(yu) — 2VF(Vy mY (F, U)|u=0, X (7) 


4+2(VxRic)(Y, Y) + 2|Vx¥|?)dr. 
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Plugging in Equation (6.9), and using the fact that |Y(7)|? = IV mP yee, 


RIA 


gives 
Hess (L(Y (7), Y(7)) 
cS / "VF (Hess(R)(Y, ¥) + 2(R(¥, XY, X) — 4(VyRic)(X, Y) 
+2(VxRic)(Y, Y) + 2|Rie(Y,-)|?)dr 


‘i Ya 2 ; 
+ oe — > RicV,Y)] dr 
n [Wir VAP WF VA 

Using the definition of H(X,Y) given in the statement, Equation (6.12), allows us 
to write 





Hess(L")(Y (7), Y(T)) 


< - [ Jr Hae 








+r [ | V7(—-2(V xRie)(¥, Y) = poe (Y,Y) + 4|Ric(Y, I?) 
gee OE et Eee ; 
aa VF — VriP aera + Fp) Rietw¥) 


To simplify further, we compute, using Equation 








© (Rie(¥(r),¥(r))) = my, Y) + 2Ric(VxY,Y) + (VxRic)(¥,Y) 
= SEW,¥) + (VxRic)(¥Y) 
ee ic = ic(Y,-)|?. 
+ ee eiio ¥) Unie,» 


Consequently, we have 





davrRiY (YO) aq (uv ¥) + (VxRic)(¥, ¥) — 2|Rie(¥, »P) 


2 1 
(raat ye) OY) 

Using this, and the fact that Y(7,) = 0, gives 

(6.13)Hess(L7)(Y (7), Y(7)) < 

_ I . [vinexy) = < 


‘ T 


Vt(VT- J 
— 2V7Ric(Y (F), Y(7)) — | : VTH(X,Y)dr. 


F)|2 
(2V/rRic(Y, Y)) — ae) dr 


IY@P?P 
VF Vi 
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This proves Inequality (6.11). Now we examine when equality holds in this ex- 
pression. Given an adapted vector field Y(r) along 7, let z(v) be a geodesic through 
(7,0) with tangent vector Y(7). Then there is a one-parameter family p(T, v) 
of minimizing L-geodesics with the property that p(T,v) = u(v). Let Y’(7,v) be 
Apr, v)/Ov. It is an L-Jacobi field with Y’(F,0) = Y (7). Since Lz o Lexp, = L, we 
see that 

d? c d? doz 
£Llde)le=o = SpEZ(ua)) Ino 


Hence, the assumption that we have equality in (6.11) implies that 


d? a 
Gee He) lv=0 = Fae Ww) lu=0- 

Now we extend this one-parameter family to a two-parameter family u(7, u,v) so 
that Ou(r7,0,0)/dv = Y’ and Ou(7,0,0)/du = Y(r). Let w be the variable u — v, 
and let W be the tangent vector in this coordinate direction, so that W=Y-Y’. 
We denote by W the restriction of W to 70,0 = yz. By Remark [6.15] the second 
partial derivative of the length of this family in the u-direction at u = v = 0 agrees 
with the second derivative of the length of the original family ¥ in the u-direction. 


CLAIM 6.42. 
00 0 0 
aa Ray ene ices 
Ov Ow (H)|u=v=0 Ow Ov 
PrRooF. Of course, the second partial derivatives are equal. According to Lemmal6.14] 
we have 


0 0 

Ov Ow 

Since W (7) = 0 and since Ve(W) = Vw(Y’), we see that the boundary term in the 

above expression vanishes. The integral vanishes since Y’ is an £-Jacobi field. O 
If Inequality (6 is an equality, then 


a Oo? 
Bye bbe) lu=v=0 = Aue L(t) |u=v=0- 


L£(H)|v=w=0 = 0. 


L(u)locwao = 2VFV" (TWF), X(P) — / " a/7 (Jac), W)dr. 





We write 0/Ou = 0/0v + 0/Ow. Expanding out the right-hand side and canceling 
the common terms gives 


0 O 0 O oO 
O= | —— + —— 4+ — 5 J L(W)|u—v—0.- 
($e+eht es) (4)! 
The previous claim tells us that the first two terms on the right-hand side of this 
equation vanish, and hence we conclude 
2 
—>L(L)|u=v=0 = 0 
<5 (H)umv=0 
Since W vanishes at both endpoints this implies, according to Proposition [6.13] that 
W(r,0,0) = 0 for all 7, or in other words Y(r) = Y'(r,0,0) for all r. Of course by 
construction Y'(7,0,0) is an £-Jacobi field. This shows that equality holds only if 
the adapted vector field Y(r) is also an £-Jacobi field. 
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Conversely, if the adapted vector field Y(r) is also an £-Jacobi field, then in- 
equality between the second variations at the beginning of the proof is an equality. 
In the rest of the argument we dealt only with equalities. Hence, in this case In- 
equality (6.11) is an equality. 

This shows that we have equality in if and only if the adapted vector field 
Y(r) is also an £-Jacobi field. O 





4.3. Inequalities for AL7. The inequalities for the Hessian of L7, lead to 
inequalities for AL? which we establish in this section. Here is the main result. 


PROPOSITION 6.43. Suppose that q € U,(T), that Z € U;(F) is the pre-image of 
q and that yz is the L-geodesic determined by Z. Then 


n — 1 
NO ORR 


where, for any path y parameterized by backward time on the interval [7,7] taking 
value x at T = 7, we define 


1) =f viWF- VARA war 


(6.14) ALT (q) < 7 (yz); 


with 
OR 1 
(6.15) H(X) = -5~— <R-2AVR,X) + WRic(X, X), 
ir 
where X is the horizontal projection of y'(r). Furthermore, Inequality (6.14) is an 
equality if and only if for every Y € Ty(Mr_7) the unique adapted vector field Y (rT) 


along y satisfying Y(T) = Y is an L-Jacobi field. In this case 


1 1 
Ric + ——Hess(L7) = ——_—___——_ 
2/7 2V7(V7 — 71) 
PRooF. Choose an orthonormal basis {Y,} for Ty(Mrp_7). For each a, extend 
{Y.} to an adapted vector field along the £-geodesic yz by solving 


G(T —7). 


Vieln= AUF Hae Y a2) 


As in Equation (6.10), we have 
d 
qe Y3) = CV eV igs Ye) + (VxYe,% on) + 2Rie(Y a; Y@) 
1 
= ——_—_(Y,,, Ya). 
Vide Jay te ™ 
By integrating we get 


2 
(Va, ¥a)(r) = WEE VOY 


i 


To simplify the notation we set 


ye 
Viva 
Mr) = Eo 


if 
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and W,(r) = I(r)Ya(r). Then {W.(7)}q form an orthonormal basis at +. Conse- 
quently, summing Inequality (6.13) over a gives 


(6.16) ALT) < eae TRO rf V/TH(X,Yq)d 
To establish Inequality it remains to prove the following claim. 
CLAIM 6.44. 
Stax) = GEV 
"WR 


PRooF. To prove the claim we sum Equation (6.12) giving 
*(r) SO H(X,¥o) = S_H(X,W,) 
a a 


—AR + Ric(X, X) - 4(VR,X) +4) _(VwRic)(Wa, X) 


a 


, 1 
-25 “Ric, (Wa; Wa) + 2|Ric|? — aR. 


Taking the trace of the second Bianchi identity, we get 
1 
S "(Vw Ric)(Wa, X) = 5 (VR, X). 


a 


In addition by (8.7), recalling that OR/Or = —OR/0t, we have 





OF = Nin OiRid? 
OT 
On the other hand, 
OR . ORic 
esctges wp... 25-5 + (2 
Ar O(g" Rij) /OT 2|Ric|* + 3 Ar (Wa, Wa); 





and so }>, ORC (Wa, W.) = —AR. Putting all this together gives 
*(r) $0 H(X, Yo) = H(X). 





O 


Clearly, Inequality (6.14) follows immediately from Inequality and the 
claim. The last oe of Propesition-T3lfollows directly from the i statement 
of Proposition and Lemma|6.41} This completes the proof of Proposition 

Oo 





5. Reduced length 


We introduce the reduced length function both on the tangent space and on 
space-time. The reason that the reduced length J, is easier to work with is that it is 
scale invariant when 7; = 0. Throughout Section 5] we fix z € M with t(#) = T—7,. 
We shall always suppose that T’— 7, is greater than the initial time of the generalized 
Ricci flow. 
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5.1. The reduced length function |, on space-time. 


DEFINITION 6.45. We define the £-reduced length (from x) 





le: Uz - R 
by setting 
L,(q) 
le, = ) 
Q=>5 7 


where t = T — t(q). We denote by I7. the restriction of l; to the slice U/,(T). 


In order to understand the differential inequalities that /, satisfies, we first need to 
introduce a quantity closely related to the function K7, defined in Proposition [6.43 


DEFINITION 6.46. For any £-geodesic y parameterized by [7,7] we define 


Ki (y= / 73/2 H(X)dr. 


1 

In the special case when 7, = 0 we denote this integral by K™(y). 

The following is immediate from the definitions. 

LEMMA 6.47. For any L-geodesic y defined on {0,7] both K7,(7) and K7, (7) are 
continuous in T, and at T, = 0 they take the same value. Also, 

r1\ 3/2 
(S)0 (Rom) + XP) 

is continuous for all 7, > 0 and has limit 0 as 7, — 0. Here, as always, X(71) is 
the horizontal component of 7/ at T = 71. 


LEMMA 6.48. Let q € U,(T), let Z € U, be the pre-image of q and let yz be the 
L-geodesic determined by Z. Then we have 


6.17) FERRE 2) = 2 — (R@ +ix@)+ (2) (R@) + XP). 


In the case when 7, = 0, the last term on the right-hand side of Equation 
vanishes. 


PROOF. Using the £-geodesic equation and the definition of H we have 


! (R(y2(1) + X(N) 


dtr 
= Serala) + (WRo2(7)), X(7)) +2AUVxX(0), X(0)) 
+2Ric(X(r), X(r)) 
= SE val)) +2X(r)(R) - - |X (r)/? — 2Ric(X (7), X(7)) 


* (R(qa(r) +|X(7)/°). 


T 


= -H(X(7)) 
Thus 
(73 (Rar) +X (IP) = SV T(ROa(r) + |X()P) — EHX (7). 


ie 
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Integration from 7, to T gives 


Lr = 
7? (R(q)) +IX@)P) — 72? (R(a) + 1X (nF) = 2 — IF 2), 
which is equivalent to Equation (6.17). In the case when 7, = 0, the last term on 


the right-hand side vanishes since 


lim,_.9r?/?|X (r)|? = 0. 





O 


Now we come to the most general of the differential inequalities for l, that will 
be so important in what follows. Whenever the expression eng : (R(x) + |[X(71)|?) 
appears in a formula, it is interpreted to be zero in the case when 7, = 0. 

LEMMA 6.49. For any q €U,(T), let Z € U, (7) be the pre-image of q and let yz 
be the £L-geodesic determined by Z. Then we have 





Me Gg) = R(q) — 2 4 FaO2 _ 7 (2) (eee) + xem?) 
wae? = ixq@Pe= BO —AaG2) _ peas (2) (Ree) + 1x!) 
a oe n eee es 


ProoF. It follows immediately from Equation (6.8) that 


Oly 1 9 Le 
St = R-5(R+/XP) - =. 
Using Equation this gives the first equality stated in the lemma. It follows 
immediately from Corollary that VIZ = X(r) and hence |VIZ|?_ = |X(r)|?. 
From this and Equation the second equation follows. The last inequality is 
immediate from Proposition 

When 7, = 0, the last terms on the right-hand sides of the first two equations 
vanish, since the last term on the right-hand side of Equation (6.17) vanishes in this 
case. | 








When 7; = 0, which is the case of main interest, all these formulas simplify and 
we get: 


THEOREM 6.50. Suppose that x € Mr so that 7) = 0. For any q € U,(T), let 
Z EU,(T) be the pre-image of q and let yz be the L-geodesic determined by Z. As 
usual, let X(T) be the horizontal projection of y/z(T). Then we have 











Oly, bes KT 
S@) = R@- S20 +5 2) 

Wa? = x@pe= 22-202) _ ag 
Af@) = ~gAl@ <%-R@- Ye 


2/r ~ OF ee 
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PROOF. This is immediate from the formulas in the previous lemma. O 


Now let us reformulate the differential inequalities in Theorem|6.50}in a way that 
will be useful later. 


COROLLARY 6.51. Suppose that x € Mr so that t; =0. Then for q € UZ we have 
Al wy 2 (nf2)- Eq) 
a, + Ali(q) < = . 


le aa T 
Fa (a) — AlE(a) + |VE(a)? — R@) + = 20. 
T 2T 


2A(q) - VE (a)? + Rig) + 2M « 


In fact, setting 





ot K7(yz) r 
then 6 > 0 and 


ae — Az(q) + VE@)? — R@) + x= = 4 


= _ [7 _ 
2AI7 (4) — |VIE(q)? + R(q) + a _ 96, 


5.2. The tangential version 1 of the reduced length function. For any 
path y: [71,7] — (M,G) parameterized by backward time we define 


This leads immediately to a reduced length on es 


DEFINITION 6.52. We define /: Uz > R by 


\(Z,7) = ee = 1(yz2|[r.71): 

At first glance it may appear that the computations of the gradient and 7- 
derivatives for J, pass immediately to those for 1. For the spatial derivative this 
is correct, but for the 7-derivative it is not true. As the computation below shows, 
the r-derivatives of | and I, do not agree under the identification Lexp,. The reason 
is that this identification does not line up the r-vector field in the domain with —0/0t 
in the range. So it is an entirely different computation with a different answer. 





LEMMA 6.53. 








150 6. A COMPARISON GEOMETRY APPROACH TO THE RICCI FLOW 


Proor. By the Fundamental Theorem of Calculus 


9 M47) = v7 (ROe(7)) + |X(r)/?) . 


Thus, 


oe = 


\(Z,7) 
Or : 


27 





5 (Rlva(7)) + XP) - 





COROLLARY 6.54. Suppose that x © Mr so that 7 =0. Then 


O ~ ie 
~i(Z,7) = _ Kz) 
OT 272 
ProorF. This is immediate from Lemma|[6.53] and Lemma [6.48] (after the latter 
is rewritten using L instead of L,). O 





6. Local Lipschitz estimates for I, 


It is important for the applications to have results on the Lipschitz properties 
of 1,, or equivalently L,. Of course, these are the analogues of the fact that in 
Riemannian geometry the distance function from a point is Lipschitz. The proof of 
the Lipschitz property given here is based on the exposition in [72]. In Section [6] 
we fix sg € Mr_,, C M. 


6.1. Statement and corollaries. 


DEFINITION 6.55. Let (M,G) be a generalized Ricci flow and let « € Mp_,, C 
M. The reduced length function l, is defined on the subset of M consisting of all 
points y € M for which there is a minimizing £-geodesic from x to y. The value 
l.(y) is the quotient of £-length of any such minimizing C-geodesic divided by 2,/7. 


Here is the main result of this subsection. 


PROPOSITION 6.56. Let (M,G) be a generalized Ricci flow and let x © Mr_,, C 
M. Let € > 0 be given and let AC Mant -'(—c,T — 714+ €). Suppose that 
there is a subset F C M on which |Ric| and |VR| are bounded and a neighborhood 
v(A) of A contained in F' with the property that for every point z € v(A) there is 
a minimizing L-geodesic from x to z contained in F. Then ly, is defined on all of 
v(A). Furthermore, there is a smaller neighborhood vo(A) C v(A) of A on which ly 
is a locally Lipschitz function with respect to the Riemannian metric, denoted G, on 
M which is defined as the orthogonal sum of the Riemannian metric G on HTM 
and the metric dt? on the tangent line spanned by x. 


COROLLARY 6.57. With A and 1o(A) as in Proposition[6.56) the restriction of ly 
to v9(A)N Mr_= ts a locally Lipschitz function with respect to the metric Gp_r. 
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6.2. The proof of Proposition [6.56} Proposition follows from a much 
more precise, though more complicated to state, result. In order to state this more 
technical result we introduce the following definition. 


DEFINITION 6.58. Let y € M with t(y) = ¢t and suppose that for some € > 0 
there is an embedding v: B(y,t,r) x (t—e,t +6) — M that is compatible with time 
and the vector field. Then we denote by Ply, r,€) C M the image of 1. Whenever we 
introduce Ply, r,€) C M implicitly we are asserting that such an embedding exists. 

For A c M, if Pla,e, €) C M exists for every a € A, then we denote by %(A) 
the union over all a € A of P(a,¢,€). 


Now we are ready for the more precise, technical result. 


PROPOSITION 6.59. Given constants € > 0, To < oo, lp < co, and Co < ~, there 
are constants C < oo and0 <6 < € depending only the given constants such that the 
following holds. Let (M,G) be a generalized Ricci flow and let x € M be a point with 
t(z) =T—7. Letye M be a point with t(y) =t =T —7T where +€<7T<7To. 
Suppose that there is a minimizing L-geodesic y from x to y with I(y) < lp. Suppose 
that the ball B(y,t,¢) has compact closure in M; and that Ply, €,€) CM exists and 
that the sectional curvatures of the restriction of G to this submanifold are bounded 
by Co. Lastly, suppose that for every point of the form z € P(y,6,6) there is a 
minimizing L-geodesic from x to z with |Ric| and |VR| bounded by Co along this 
geodesic. Then for all (b,t’) € B(y,t,5) x (t-—6,t +6) we have 


ld (y) — ta ((b, t'))| < Carly, 6)? + lt —2/?. 
Before proving Proposition [6.59] let us show how it implies Proposition [6.56 


ProoF. (that Proposition [6.59] implies Proposition [6.56) Suppose given « > 0, 
A, v(A) and F as in the statement of Proposition [6.56] For each y € A there 
is 0 < & < € and a neighborhood v’(y) with (i) the closure 7’(y) of v'(y) being 
a compact subset of v(A) and (ii) for each z € (y) the parabolic neighborhood 
P(z,,€’) exists and has compact closure in v(A). It follows that for every z € D'(A), 
Rmg is bounded on P(z,€’,¢’) and every point of P(z,é’,¢’) is connected to x by a 
minimizing £-geodesic in F. Thus, Proposition [6.59] with € replaced by e¢’, applies 
to z. In particular, J, is continuous at z, and hence is continuous on all of 7’(y). 
Thus, l,, is bounded on 7(y). Since we have uniform bounds for the curvature on 


P(z,¢',€’) according to Proposition there are constants C < oo and0 <6 <é' 
such that for any z € V’(y) and any z’ € P(z, 6,6), we have 


ld (2) — te (2")| < Clz — lee) +ae?- 


Since we have a uniform bound for the curvature on P(z, é’,e’) independent of z € 
v'(y), the metrics G = G + dt? and G(t(z)) + dt? are uniformly comparable on all 
of P(z, 6, 6). It follows that there is a constant C’ < oo such that for all z € v/(y) 
and all z’ € P(z,6,5) we have 


lela) —1,(2)|< CZ 2a: 
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We set (A) = Uyeav’(y). This is an open neighborhood of A contained in v(A) 





on which I, is locally Lipschitz with respect to the metric G. O 


Now we turn to the proof of Proposition We begin with several preliminary 
results. 


LEMMA 6.60. Suppose that y is an L-geodesic defined on [71,7], and suppose that 
for all r € [m,7] we have |VR(y(r))| < Co and |Ric(y(7))| < Co. Then 
: Cy,-—1 
max; (/7|X¥(r)|) < Cimin, (7|X4(7)|) + iD vm 
where Cy = e2@T, 
PROOF. The geodesic equation in terms of the variable s, Equation (6.5), gives 


/ 2 
vale a 2(V (sy 7'(s), ¥'(s)) + 4sRic(7/(s), 7(8)) 


ds 
(6.18) 4s" (VR, 7'(s)) — 4sRic(y'(s),7'(s)). 


Thus,, by our assumption on |VR| and |Ric| along 7, we have 


d ! 2 
ERIE) < acasti'(a)| + Cosh (8)P 





It follows that 
d\y'(s)| 


< 2WCys” + 2Cos|y"(s)| < WoT + 2Cov7|y’(s)I, 








and hence that dly'(s) 

YAS = 
a Fda 
v7 + |7'(s)| 
Suppose that s9 < s,. Integrating from so to 51 gives 

ly'(s1)|_ << Cly’(s0)| + (C — 1) v7 
ly'(so)| < Cly(s1)| + (C - v7 


~2CoV rds < 





where 


er e2Cov7(s1—s0) | 





Since /7X4(7) = $7/(s), this completes the proof of the lemma. O 


COROLLARY 6.61. Given To < o0, Co < oo, € > 0, and lo < ow, there is a 
constant Cz depending only on Co, lo, € and To such that the following holds. Let 
be an L-geodesic defined on [1,7] with | +e < 7T <7 and with |VR(y(7))| < Co 
and |Ric(y(rT))| < Co for all tr € [1,7]. Suppose also that Il(y) <p. Then, we have 


max, (V7|X(r)|) < Co. 
ProoF. From the definition L(y) = f2QeR + 4|7/(s)|?)ds. Because of the 
bound on |Ric| (which implies that |R| < 3Co) we have 
1 


VF 
a ly (s)Pds < L(y) + 2Cy7*”?. 
2d Va 
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Thus, 
(V7 — /7)min(|7'(s)|?) < 2L(y) + 4C07?”?. 
The bounds 7, + < 7 < To, then imply that min|7’(s)|? < C” for some C” depending 
on Cp,lo,€, and To. Since /7X,(r) = $7’(s), we have 
min; (/7|X,(r7)|) < C’ 


for some constant C’ depending only on Co, Io, € and Fp. The result is now immediate 
from Lemma [6.60] OU 





Now we are ready to show that, for z sufficiently close to y, the reduced length 
l,(z) is bounded above by a constant depending on the curvature bounds, on /,(y), 
and on the distance in space-time from z to y. 


LEMMA 6.62. Given constants € > 0, To < «©, Co < cw, and Ip < ow, there are 
C3 < oo and 0 < 62 < €/4 depending only on the given constants such that the 
following holds. Let y € M be a point with t(y) = to = T—T where 7, +€ < T <7. 
Suppose that there is a minimizing L-geodesic y from x to y with ly (y) < lo. Suppose 
that |VR| and |Ric| are bounded by Co along y. Suppose also that the ball B(y, to, €) 
has compact closure in M;, and that there is an embedding 


t: Bly, to, €) X (to — €,to + €) = P(y,€,€) cM 


compatible with time and the vector field so that the sectional curvatures of the 
restriction of G to the image of this embedding are bounded by Co. Then for any 
point b € B(y,to, 62) and for any t! € (tp — 62, to + 62) there is a curve y, from x to 
the point z = 1(b,t'), parameterized by backward time, such that 


l(y1) < Uy) + Cav dig (y, 6)? + |to — t/?. 


PROOF. Let C2 be the constant depending on Co, lo, €, and 7 from Corol- 
lary [6.61] and set 
V2 


Ve 
Since T > e, it follows that 7 — €/2 > €/2, so that by Corollary we have 
|X.(7)| < C’ for all 7 € [FT—€/2,7]. Set 0 < do sufficiently small (how small depends 
only on Co) such that for all (z,t) € P(y,€,60) we have 


C' = —=C>. 


1 
=9(z,t) S g(z, to) < 29(z,t), 


2 
i Sen 90 
o~ 8°80" 4 )° 
Let b € Bly, to, 62) and t’ € (to—62, tp +52) be given. Set a = /di,(y, b)? + |to — t'/?, 


set t) = to — 2a, and let 7, = T —t,. Notice that a < 260 < e/4, so that the norm 
of the Ricci curvature is bounded by C’ on 1(B(y, to, €) x (t1, to + 2a)). 


and define 





CLAIM 6.63. ¥(71) € P(y,€,€) and writing y(71) = c(c,t1) we have d(6,b) s 
(4C’ + 1)a. 
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PROOF. Since |X+(7)| < C’ for all 7 € [F — 2a,7], and 49 < 49/4, it follows that 
2a < do and hence that |X4(7)|git9) < 2C’ for all 7 € [7 — 20,7]. Since (7) = y, 
this implies that 
dig (y,c) < 4C’a. 
The claim then follows from the triangle inequality. O 





Now let Zi: [F — 2a,T — t’] > B(y,to,€) be a shortest g(to)-geodesic from c to 
b, parameterized at constant g(to)-speed, and let yw be the path parameterized by 
backward time defined by 
u(r) = e(B(r),T — 7) 
for all tr € [F — 2a,T — t']. Then the concatenation 7 = 7¥|[;, 7-29] * # is a path 
parameterized by backward time from z to 1(b, t’). 


CLAIM 6.64. There is a constant Ci depending only on Co, C’, and To such that 
U(y1) < UY fr7-20]) + Cro 

PRooF. First notice that since 7 = T — to and |t’ — to] < @ we have (T — 

t') — (F— 2a) = 2a 4 (t’ — to) > a. According to Claim this implies that the 

g(to)-speed of ps is at most (4C’ + 1), and hence that |X,,(7)|g¢r_7) < 8C" + 2 for all 

7 € [F—-2a,T —t']. Consequently, R+ Bete is bounded above along pu by a constant 


c depending only on C’ and Co. This implies that L(y) < Ca/T =f. Of course, 
T—t)<7F+e < 27 < 270. This completes the proof of the claim. oO 





On the other hand, since R > —3Cp in P(y,€,€) and |X|? > 0, we see that 


L(Yinz-20)) < L(y) + 6Coav7o. 
Together with the previous claim this establishes Lemma |6.62 O 





This is a one-sided inequality which says that the nearby values of J, are bounded 
above in terms of l;(y), the curvature bounds, and the distance in space-time from 
y. In order to complete the proof of Proposition [6.59] we must establish inequalities 
in the opposite direction. This requires reversing the roles of the points. 


ProoF. (of Proposition[6.59) Let 62 and C3 be the constants given by Lemma|6.62) 
associated to €/2, T 9, Co, and lg. We shall choose C' > C3 and 6 < 62 so that by 
Lemma [6.62] we will automatically have 


ly(u(d, t')) < ln(y) + Cav dio (y, 6)? + |to — t'|? < lly) + CV dig(y, 6)? + [to — |? 


for all v(b, t’) € P(y, 6,6). It remains to choose C and 6 so that 
le(y) S lo(v(0, t')) + CV dig (y, 6)? + [to — #/?. 


Let 65 and C3 be the constants given by Lemma [6.62] for the following set of input 
constants: C/ = Co, To replaced by Ty = Tote/2, and Ip replaced by 1, = Ip +V2C300, 
and € replaced by ¢’ = €/4. Then set C = max(2C%, C3). 

Let z =1(b,t’) € P(y, 6,6). 


CLAIM 6.65. For 6 sufficiently small (how small depending on 2 and 65) we have 
Bz, f, e/4) Cc Bly, to, Ele 
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PROOF. Since |to — t’| < 6 < 69, and by construction 62 < 69, it follows that for 
any c € B(y,to,€) we have dy (b,c) < 2d;, (b,c). Since di, (y,b) < 6 < €/4, the result 
is immediate from the triangle inequality. O 





By the above and the fact that 6 < €/4, the sectional curvatures on P(z,€/4, €/4) 
are bounded by Cop. By Lemma there is a curve parameterized by backward 
time from x to z whose /-length is at most /j. Thus the /-length any minimizing L- 
geodesic from x to z is at most Jj. By assumption we have a minimizing C-geodesic 
with the property that |Ric| and|VR| are bounded by Cp along the L-geodesic. 

Of course, tg —6 < t’ < tg +6, so that 7, +€/2 <T—t' <7 + 6/4. This means 
that Lemma applies to show that for very w = (c,t) € P(z, 5,05), we have 


lz(w) < ly(z) + Cy/du(b, c)? + |t — t//?. 
The proof is then completed by showing the following: 
CLAIM 6.66. y € P(z, 64,54). 


ProorF. By construction |t’ — to] < 6 < 65. Also, di,(y,b) < 6 < 65/2. Since 
dt, < 2dy, we have dy(y,b) < 65 the claim is then immediate. oO 





It follows immediately that 
ley) S le(z) + C3V du (,y)? + [to — t/? 
< 1y(Z) a 2C3 V dt, (b, y)? 5 |to ~ uP = l,(z) le C V dry (b, y)? + |to 4 alee 


This completes the proof of Proposition [6.59 O 





COROLLARY 6.67. Let (M,G) be a generalized Ricci flow and let x © M with 
t(z) =T—1). Let AC Mnt~!(—00, T—71) be a subset whose intersection with each 
time-slice M, is measurable. Suppose that there is a subset F C M such that |VR| 
and |Ric| are bounded on F and such that every minimizing L geodesic from x to 
any point in a neighborhood, v(A), of A is contained in F. Then for each tT € (71,7| 
the intersection of A with U,(rT) is an open subset of full measure in AN Mr_,. 


PROOF. Since U,(7) is an open subset of Mp_-, the complement of v(A)NU,(r) 
in v(A) N Mr_, is a closed subset of v(A)M Mr_,;. Since there is a minimizing 
L-geodesic to every point of v(A) M Mr_,, the L-exponential map Lexp7, is onto 
v(A) N Mp_-. 


CLAIM 6.68. The complement of v(A) NU;z(T) in v(A) is contained in the union 
of two sets: The first is the set of points z where there is more than one minimizing 
£L-geodesic from x ending at z and if Z is the initial condition for any minimizing 
L-geodesic to z then the differential of Lexp?, at any Z is an isomorphism. The 
second is the intersection of the set of critical values of Lexp™ with v(A)N Mr_-. 


PROOF. Suppose that g € v(A) A Mr_, is not contained in U,. Let yz be a 
minimal £-geodesic from x to q. If the differential of Lexp,, is not an isomorphism 
at Z, then q is contained in the second set given in the claim. Thus, we can assume 
that the differential of £exp,, at Z, and hence Lexp,, identifies a neighborhood V of 
Z in HT,M with a neighborhood V C v(A) of gin Mr_,. Suppose that there is no 
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neighborhood V’ CV of Z so that the £-geodesics are unique minimal L£-geodesics 
to their endpoints in Mr. Then there is a sequence of minimizing £-geodesics yn 
whose endpoints converge to q, but so that no y, has initial condition contained 
in V’. By hypothesis all of these geodesics are contained in F’ and hence |Ric| and 
|V R| are uniformly bounded on these geodesics. Also, by the continuity of £, the 
L-lengths of y, are uniformly bounded as n tends to infinity. By Corollary 
we see that the initial conditions Z,, = \/7X¥, (71) (meaning the limit as tT — 0 of 
these quantities in the case when 7; = 0) are of uniformly bounded norm. Hence, 
passing to a subsequence we can arrange that the Z, converge to some Z. The 
tangent vector Zoo is the initial condition of an £-geodesic yo. Since the yp, are 
minimizing £-geodesics to a sequence of points g, converging to g, by continuity it 
follows that yoo is a minimizing £-geodesic to gq. Since none of the Z, is contained 
in V! , it follows that Z. 4 Z. This is a contradiction, showing that throughout 
some neighborhood V’ of Z the £-geodesics are unique minimizing £-geodesics and 
completing the proof of the claim. O 





According to the next claim, the first subset given in Claim [6.68] is contained in 
the set of points of v(A) Mr_-, where L7, is non-differentiable. Since L7, is a locally 
Lipschitz function on v(A), this subset is of measure zero in v(A); see Rademacher’s 
Theorem on p. 81 of [20]. The second set is of measure zero by Sard’s theorem. 
This proves, modulo the next claim, that U,(7) A is full measure in AN Mr_,. 


CLAIM 6.69. Let z € Mp_,. Suppose that there is a neighborhood of z in Mp_, 
with the property that every point of the neighborhood is the endpoint of a minimizing 
L£-geodesic from x, so that L7, is defined on this neighborhood of z. Suppose that there 
are two distinct, minimizing L-geodesics yz, and yz, from x ending at z with the 
property that the differential of Lexp’ is an isomorphism at both Z, and Zo. Then 
the function L7, is non-differentiable at z. 


PROOF. Suppose that 7/z,|j,7) is an £-minimal L-geodesic and that dz,lexp7, is 
an isomorphism. Then use £exp7, to identify a neighborhood of Z) € T,M with a 
neighborhood of z in My_,, and push the function yas on this neighborhood of Zp 
down to a function Lz, on a neighborhood in Mr_, of z. According to Lemma 
the resulting function Lz, is smooth and its gradient at z is 2\/7X(r). Now suppose 
that there is a second £-minimizing £-geodesic to z with initial condition 7, # Zp 
and with dz,£exp;, being an isomorphism. Then near z the function L7, is less 
than or equal to the minimum of two smooth functions Lz, and Lz,. We have 
Lz)(z) = Lz,(z) = £3 (z), and furthermore, Lz, and Lz, have distinct gradients at 
z. It follows that L7 is not smooth at z. 0 








This completes the proof of the Corollary [6.67] oO 


7. Reduced volume 


Here, we assume that « € Mp C M, so that 7, = 0 in this subsection. 
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DEFINITION 6.70. Let A C U,(7) be a measurable subset of Mrp_,. The L-reduced 
volume of A from x (or the reduced volume for short) is defined to be 


Vata) = f 7 Fexp(-te())dg 
where dq is the volume element of the metric G(T — 7). 


LEMMA 6.71. Let A C U;(r) be a measurable subset. Define A C U,(rT) to be the 
pre-image under Lexp?, of A. Then 


V,(A) = [rte T)) F(Z, 7)dZ, 


where dZ is the usual Euclidean volume element and J(Z,7T) is the Jacobian deter- 
minant of Lexp?, at Z 6 T, Mr. 





PROOF. This is simply the change of variables formula for integration. O 


Before we can study the reduced volume we must study the function that appears 
as the integrand in its definition. To understand the limit as 7 — 0 requires a 
rescaling argument. 


7.1. Rescaling. Fix Q > 0. We rescale to form (QM,QG) and then we shift 
the time by T’ — QT so that the time-slice Mr in the original flow is the T time- 
slice of the new flow. We call the result (M’,G"’). Recall that 7 = T —t is the 
parameter for £L-geodesics in (M,G) The corresponding parameter in the rescaled 
flow (M’',G’) is 7’ = T — t' = Qr. We denote by L’exp, the L-exponential map 
from x in (M’,G’), and by I/, the reduced length function for this Ricci flow. The 
associated function on the tangent space is denoted t. 


LEMMA 6.72. Let (M,G) be a generalized Ricci flow and letx € Mp C M. Fiz 
Q > 0 and let (M’,G’) be the Q scaling and shifting of (M,G) as described in the 
previous paragraph. Let 1: M — M' be the identity map. Suppose that y: [0,7] - 
M is a path parameterized by backward time with y(0) = x. Let 3: [0,Q7] —~ QM 
be defined by 

B(r') = u(y(7'/Q)). 

Then 3(0) = x and GB is parameterized by backward time in (M',G’), and L(3) = 
JVQL(y). Furthermore, B is an L-geodesic if and only if y is. In this case, if 
Z = lim, 0 /TX,(T) then /Q2Z = lim, ov'7'Xg(7') 


REMARK 6.73. Notice that |Z|2, = |,/Q7!Z|2,. 


ProoF. It is clear that G(0) = x and that ( is parameterized by backward time 
in (M’,G’). Because of the scaling of space and time by Q, we have Rg = Ra/Q 
and Xg(r’) = du(X,(r))/Q, and hence |Xg(7’)|2, = gl Xy (Td. A direct change of 
variables in the integral then shows that 


£(8) = VQL(). 
It follows that @ is an £-geodesic if and only if y is. The last statement follows 
directly. O 
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Immediately from the definitions we see the following: 


COROLLARY 6.74. With notation as above, and with the substitution tT’ = Qr, 
for any Z€HT,M and any tT > 0 we have 


L'exp, (VW Q-1Z,7') = o(Lexp,(Z,7)) 
and 7 7 
V(/Q-!Z, 7) =UZ,7r), 
whenever these are defined. 

7.2. The integrand in the reduced volume integral. Now we turn our 
attention to the integrand (over U,(7)) in the reduced volume integral. Namely, set 
ise ea Za, 
where J(Z,7) is the Jacobian determinant of Lexp7, at the point Z € U, (7) CT, Mr. 


We wish to see that this quantity is invariant under the rescaling. 
LEMMA 6.75. With the notation as above let J'(Z,r') denote the Jacobian de- 
terminant of L'exp,. Then, with the substitution r' = Qt, we have 
(1-2 VV O7Z1) 91. /Q-1z, -\= 7/27) F(Z, 7) 
ProoF. It follows from the first equation in Corollary [6.74] that 


I()I(Z,7) =I(VQ*NI(VQ"Z,7'), 
where J(t) is the Jacobian determinant of . at Lexp,(Z,7) and J(,/Q7!) is the 
Jacobian determinant of multiplication by \/Q-! as a map from T,Mr to itself, 
where the domain has the metric G and the range has metric G’ = QG. Clearly, 
with these conventions, we have J(u) = Q”/? and J(,/Q-!) = 1. Hence, we conclude 


QT (Z,7) = I'(VQ4Z,1'). 

Letting y be the L-geodesic in (M,G) with initial condition Z and ( the L- 
geodesic in (M’,G’) with initial condition ./Q-!Z, by Lemma we have 7(7) = 
G(r’). From Corollary [6.74] and the definition of the reduced length, we get 

VQZ,7') = 17,7). 


Plugging these in gives the result. a 





Let us evaluate f(7) in the case of R” with the Ricci flow being the constant 
family of Euclidean metrics. 


EXAMPLE 6.76. Let the Ricci flow be the constant family of standard metrics on 
R”. Fix x = (p,T) € R” x (—o0, 00). Then 
Lexp,(Z,T) = (p+ 2./rZ,T —7). 


In particular, the Jacobian determinant of Lexp/, T) is constant and equal to 2”7"/?. 


The I-length of the L-geodesic yz(T) = (p+ 2V7Z,T —T), 0< 7 <F, is |Z|?. 


Putting these computations together gives the following. 


7. REDUCED VOLUME 159 
CLAIM 6.77. In the case of the constant flow on Euclidean space we have 
ine 77"/2eUZ7) F(Z, 7) = re |Z? 
This computation has consequences for all Ricci flows. 


PROPOSITION 6.78. Let (M,G) be a generalized Ricci flow and letx€ Mp Cc M. 
Then, for any A < oo, there is 6 > O such that the map Lexp, is defined on 
B(0, A) x (0,6), where B(0,A) is the ball of radius A centered at the origin in 
T,Mr. Moveover, Lexp,, defines a diffeomorphism of B(0, A) x (0,6) onto an open 
subset of M. Furthermore, 


lim, sot "76 ").7(Z,7) = 2%, 
where the convergence is uniform on each compact subset of T,Mr. 


PrRooF. First notice that since T is greater than the initial time of M, there is 
€ > 0, and an embedding p: B(x,T,«) x [[ —«,T] — M compatible with time and 
the vector field. By taking € > 0 smaller if necessary, we can assume that the image 
of p has compact closure in M. By compactness every higher partial derivative 
(both spatial and temporal) of the metric is bounded on the image of p. 

Now take a sequence of positive constants 7 tending to 0 as k — ov, and set 
Qk = T, 1 We let (M;,, Gz) be the Q;-rescaling and shifting of (M,G) as described 
at the beginning of this section. The rescaled version of p is an embedding 


per Bae, 7, J/Qre) x [T — Qre, T] — Me 


compatible with the time function t, and the vector field. Furthermore, uniformly 
on the image of pz, every higher partial derivative of the metric is bounded by 
a constant that goes to zero with k. Thus, the generalized Ricci flows (Mx, Gz) 
based at x converge geometrically to the constant family of Euclidean metrics on 
IR”. Since the ODE given in Equation (6.5) is regular even at 0, this implies that the 
£-exponential maps for these flows converge uniformly on the balls of finite radius 
centered at the origin of the tangent spaces at x to the £-exponential map of R” at 
the origin. Of course, if Z € T,, Mr is an initial condition for an £-geodesic in (M,G), 


then O72 is the initial condition for the corresponding £-geodesic in (Mx, Gz). 


But |Z|g = |\/Q;,'Zla,, so that if Z € Bg(0, A) then ,/Qz'Z € Be, (0,A). In 
particular, we see that for any A < ov, for all k sufficiently large, the £-geodesics 
are defined on Be,(0,A) x (0,1) and the image is contained in the image of px. 
Rescaling shows that for any A < oo there is k& for which the £-exponential map is 
defined on Bg (0, A) x (0, 7%] and has image contained in p. 

Let Z € Bg(0,A) C T,Mr, and let 7 be the £-geodesic with lim,.9,/7X,(T) = 
Z. Let 7, be the corresponding L-geodesic in (M;,,G,). Then lim,;.9./7Xy, (7) = 
(Th = Zy. Of course, Zelé, = |Z|2,, meaning that Z;, is contained in the ball 
Bg, (0, A) C T,Mr for all k. Hence, by passing to a subsequence we can assume 
that, in the geometric limit, the \/7;Z converge to a tangent vector Z’ in the ball of 
radius A centered at the origin in the tangent space to Euclidean space. Of course 
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|Z’? = |Z|2,. By Claim[6.77] this means that we have 


T = 
lings ee NO Bate 2, 


where J is the Jacobian determinant of the £-exponential map for (M ,,G;,). Of 
course, since 7} = (Sie by Lemma [6.75] we have 


_ = s 
1-7/2e tel aa Fa OQ, 2,1) — 7 te Hm) F(Z, thie): 


This establishes the limiting result. 

Since the geometric limits are uniform on balls of finite radius centered at the 
origin in the tangent space, the above limit also is uniform over each of these balls. 
O 





COROLLARY 6.79. Let (M,G) be a generalized Ricci flow whose sectional curva- 
tures are bounded. For any x € Mr and any R < o0 for all 7 > 0 sufficiently small, 
the ball of radius R centered at the origin in T,Mr is contained in U,(r). 


ProoF. According to the last result, given R < ov, for all 6 > O sufficiently 
small the ball of radius R centered at the origin in T;,Mr is contained in De. in the 
domain of definition of Lexp> as given in Definition[6.17| and Lexp,, is a diffeomor- 
phism on this subset. We shall show that if 6 > 0 is sufficiently small, then the 
resulting £-geodesic y is the unique minimizing L-geodesic. If not then there must 
be another, distinct £-geodesic to this point whose £-length is no greater than that 
of y. According to Lemma [6.60] there is a constant C; depending on the curvature 
bound and on 6 such that if Z is an initial condition for an £-geodesic then for all 
T € (0,0) we have 


oF (iz, - P28) < vaxin| s aizi+ va 
From the formula given in Lemma [6.60] for C1, it follows that, fixing the bound of 
the curvature and its derivatives, Cj — 1 as 6 — 0. Thus, with a given curvature 
bound, for 6 sufficiently small, \/7|X(7)| is almost a constant along £-geodesics. 
Hence, the integral of \/7|X(r)|? is approximately 2V/5|Z|?. On the other hand, the 
absolute value of the integral of \/7R(7(r)) is at most 2Cod*/2/3 where Co is an 
upper bound for the absolute value of the scalar curvature. 

Given R < oo, choose 6 > 0 sufficiently small such that Lexp,, is a diffeomorphism 
on the ball of radius 9R centered at the origin and such that the following estimate 
holds: The £-length of an £-geodesic defined on [0,6] with initial condition Z is 
between V6|Z|? and 3V6|Z|?. To ensure the latter estimate we need only take 6 
sufficiently small given the curvature bounds and the dimension. Hence, for these 
6 no £-geodesic with initial condition outside the ball of radius 9R centered at the 
origin in T; Mr can be as short as any £-geodesic with initial condition in the ball 
of radius R centered at the same point. This means that the £-geodesics defined on 
[0, 6] with initial condition |Z| with |Z| < R are unique minimizing C-geodesics. O 
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7.3. Monotonicity of reduced volume. Now we are ready to state and prove 
our main result concerning the reduced volume. 


THEOREM 6.80. Fir x € Mp CM. Let ACU, C M be an open subset. We 
suppose that for any0 <7 <7 and any y € A, = AN Mr_, the minimizing L- 
geodesic from x to y contained in AU{x}. Then V, (Ar) is a non-increasing function 
of T for all0 <7 <T. 


PROOF. Fix 7 € (0,7]. To prove the theorem we shall show that for any 0 < 
T < 7 we have V,;(A,) > Vz(A,,). Let A;, C Uz(7) be the pre-image under Lexp?? 
of A,,. For each 0 < T < 79 we set 


Arm = Lexp, (An) C Mr_-. 


It follows from the assumption on A that A;,, C A;, so that V,(Az79) < V,(A;). 
Thus, it suffices to show that for all 0 < T < 7) we have 


Vz(Ar,ro) > V;(T0)- 


Since 


Viking = i: 7 Bexp(—i(Z,r))I(Z,7)aZ, 
TO 


the theorem follows from: 


PROPOSITION 6.81. For each Z € U, (T) CT,Mr the function 


f(Z,1) = 7 Fe F(Z, 7) 
is a non-increasing function of T on the interval (0,7] with lim,.of(Z,7) = gre|Z)? 
the limit being uniform on any compact subset of T,Mr. 


ProorF. First, we analyze the Jacobian 7(Z,7). We know that Lexpz, is smooth 
in a neighborhood of Z. Choose a basis {0.} for T;,Mr such that 0, pushes forward 
under the differential at Z of Lexp7, to an orthonormal basis {Y,} for Mrp_, at 
yz(r). Notice that, letting r’ range from 0 to 7 and taking the push-forward of the 
J, under the differential at Z of Lexp’” produces a basis of £L-Jacobi fields {Y,,(r’)} 
along yz. With this understood, we have: 


“ini det ((Ya,, Yg))) 


= (ELM), 


a 


By Lemma [6.40] and by Proposition (recall that 7, = 0) we have 


ld 
2dr 


O 
9, nT |r 


1 
var )\P = 5 fe egal Hel Noah a) 
1 


(6.19) x 


1 ° 7 vr ! ! 
of V7! H(X, Yo(r'))dr’, 
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where Y,(7’) is the adapted vector field along y with Y(r) = Ya(r). Summing over 
qa as in the proof of Proposition and Claim yields 


0 n 1 a ~ 
— < a> i= / ; ! 
57 DI (4, Mle = =f V7! A(X, Yoiey)dr 


or 
(6.20) 2 2 5-¥K7 (yz) 
: = —-—-T . 

a) ve 


On U,(r) the expression ro Be4N F(Z, T) is positive, and so we have 
0 —2 -i(Z,r) n db on 1s 
mal GG |) S| ek eek 
rae (7 - J( .7)) = Qt dr br 2 ae) 


Corollary says that the right-hand side of the previous inequality is zero. 
Hence, we conclude 





d n T/ 
(6.21) - (r- Fe) 7x, r)) <0. 
T 
This proves the inequality given in the statement of the proposition. The limit 
statement as 7 — 0 is contained in Proposition O 


As we have already seen, this proposition implies Theorem |6.80} and hence the 
proof of this theorem is complete. O 





Notice that we have established the following: 


COROLLARY 6.82. For any measurable subset A C U,(T) the reduced volume 
Vy(A) is at most (4n)"/?. 


Proor. Let A CU,;(r) be the pre-image of A. We have seen that 


V,(A) =| 72eUG7) dg = pee ng, T dz. 
A A 


By Theorem [6.80] we see that ie a ee AU T) is a non-increasing function of T 
whose limit as tT > 0 is the restriction of 2"e7!4I? to A. The result is immediate 


from Lebesgue dominated convergence. O 





CHAPTER 7 


Complete Ricci flows of bounded curvature 


In this chapter we establish strong results for Cexp,. in the case of ordinary Ricci 
flow on complete n-manifolds with appropriate curvature bounds. In particular, 
for these flows we show that there is a minimizing £-geodesic to every point. This 
means that I, is everywhere defined. We extend the differential inequalities for l, 
established in Section [4]at the ‘smooth points’ to weak inequalities (i.e., inequalities 
in the distributional sense) valid on the whole manifold. Using this we prove an 
upper bound for the minimum of I”. 

Let us begin with a definition that captures the necessary curvature bound for 
these results. 


DEFINITION 7.1. Let (M,g(t)), a < t < 6, be a Ricci flow. We say that the 
flow is complete of bounded curvature if for each t € [a,b] the Riemannian manifold 
(M, g(t)) is complete and if there is C < oo such that |Rm|(p,t) < C for all pc M@ 
and all t € [a,b]. Let J be an interval and let (M, 9(t)), t € I, be a Ricci flow. Then 
we say that the flow is complete with curvature locally bounded in time if for each 
compact subinterval J C I the restriction of the flow to (IM, g(t)), t € J, is complete 
of bounded curvature. 


1. The functions L, and I, 


Throughout Chapter [7] we have a Ricci flow (M,g(t)), 0<t< T < ov, and we 
set 7 = T'—t. All the results of the last chapter apply in this context, but in fact in 
this context there are much stronger results, which we develop here. 


1.1. Existence of L-geodesics. We assume here that (M,g(t)), 0 <t < 
T < o, is a Ricci flow which is complete of bounded curvature. In Shi’s Theorem 
(Theorem we take K equal to the bound of the norm of the Riemannian 
curvature on M x [0,T], we take a = 1, and we take t) = T. It follows from 
Theorem B.28]that there is a constant C(K,T) such that |VR(a,t)| < C/t!/*. Thus, 
for any € > 0 we have a uniform bound for |VR| on M x [e,T]. Also, because of 
the uniform bound for the Riemann curvature and the fact that T’ < oo, there is a 
constant C’, depending on the curvature bound and T such that 


(1) Co1g(x,t) < g(a,0) < Ca(x,t) 
for all (x,t) € M x [0,7]. 


LEMMA 7.2. Assume that M is connected. Given p,,p2 € M and0<1<m< 
T, there is a minimizing L-geodesic: y: [71,72] + M x [0,T] connecting (p1,71) to 
(p2, 72). 
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PROoF. For any curve y parameterized by backward time, we set ¥ equal to the 
path in M that is the image under projection of y. We set A(s) = 7(s). Define 


c((p1, 71), (p2, 72)) = inf{L(y)|¥: [71,72] > M x [0, T],7(71) = P1772) = pat. 


From Equation we see that the infimum exists since, by assumption, the cur- 
vature is uniformly bounded (below). Furthermore, for a minimizing sequence ¥;, 
we have i |Ai(s)|? ds < Co, for some constant Op, where s; = /7j for i = 1,2. 
It follows from this and the inequality in Equation (7.1) that there is a constant 
C; < o such that for all 7 we have 


S82 
/ |Ailj@) dt < Ch. 
$1 


Therefore the sequence {y;} is uniformly continuous with respect to the metric g(0); 
by Cauchy-Schwarz we have 


[7i(s) — 7s’) 4) S < [ lAilyo as < VE ivs—s!. 


By the uniform continuity, we see that a subsequence of the y; converges uniformly 
pointwise to a continuous curve y parameterized by s, the square root backward 
time. By passing to a subsequence we can arrange that the 7; converge weakly in 
H?:'. Of course, the limit in H?! is represented by the continuous limit y. That is 
to say, after passing to a subsequence, the 7; converge uniformly and weakly in H?+ 
to a continuous curve y. Let A(s) be the L?-derivative of y. Weak convergence in 
H"' implies that [= |A(s)|?ds < limjooo {> |Ai(s)|?ds, so that L(7) < limjo0L(%). 
This means that y minimizes the £-length. Being a minimizer of £-length, y satisfies 
the Euler-Lagrange equation and is smooth by the regularity theorem of differential 
equations. This then is the required minimizing L-geodesic from (pi, 7) to (p2, 72). 
O 





Let us now show that it is always possible to uniquely extend £-geodesics up to 
time T’. 


LEMMA 7.3. For any 0 < 7%] < 12 < T suppose that y: [71,72] —~ M x [0,T] is an 
L-geodesic. Then y extends uniquely to an L-geodesic y: [0,T) + M x eae 


PRoor. We work with the parameter s = \/r. According to Equation (6.5), we 

have 
Vsy7¥ (8) = 2s°VR— AsRic(7'(s),-). 

This is an everywhere non-singular ODE. Since the manifolds (V, g(t)) are complete 
and their metrics are uniformly related as in Inequality (Z1), to show that the 
solution is defined on the entire interval s € [0, 7’) we need only show that there 
is a uniform bound to the length, or equivalently the energy of y of any compact 
subinterval of [0,7) on which it is defined. Fix « > 0. It follows immediately from 
Lemma [6.60] and the fact that the quantities R, |VR| and |Rm| are bounded on 
M x |e,T], that there is a bound on max|y’‘(s)| in terms of |y‘(7,)|, for all s € 
(0, /T — €] for which + is defined. Since (M, g(0)) is complete, this, together with a 
standard extension result for second-order ODE’s, implies that y extends uniquely 
to the entire interval [0, 7’ — €]. Changing the variable from s to T = s? shows that 


1. THE FUNCTIONS Lz AND lz 165 


the £-geodesic extends uniquely to the entire interval [0,7 — €]. Since this is true 
for every € > 0, this completes the proof. O 


Let p € M and set x = (p,T) € M x [0,7]. Recall that from Definition [6.25] for 
every T > 0, the injectivity set Uy (tT) C T,M consists of all Z € T,M for which (i) the 
L-geodesic yz]\o,r] is the unique minimizing L-geodesic from x to its endpoint, (ii) 
the differential of Cexp?, is an isomorphism at Z, and (iii) for all Z’ sufficiently close 
to Z the L-geodesic yz/|\9,7] is the unique minimizing C-geodesic to its endpoint. 
The image of U/,(r) is denoted U,(r) C M 

The existence of minimizing C-geodesics from x to every point of M x (0,7) 
means that the functions L, and |, are defined on all of M x (0,7). This leads to: 





DEFINITION 7.4. Suppose that (M,g(t)), 0 < t < T < o, is a Ricci flow, 
complete of bounded curvature. We define the function L,: M x |0,T) — R by 
assigning to each (q,t) the length of any £-minimizing L-geodesic from x to y = 
(q,t) € M x (0,7). Clearly, the restriction of this function to U, agrees with the 
smooth function L, given in Definition We define L7: M — R to be the 
restriction of L, to Mx{T—r}. Of course, the restriction of LT to U,(7) agrees with 
the smooth function D7 defined in the last chapter. We define l,,: M x [0,T) — R by 
le (y) = L2(y)/2./7, where, as always 7 = T —t, and we define I7.(q) = Ix (q,T — 7). 


1.2. Results about |, and U/,(7). Now we come to our main result about the 
nature of U/,(7) and the function 1, in the context of Ricci flows which are complete 
and of bounded curvature. 


PROPOSITION 7.5. Let (M,g(t)), O0<t<T < ow, be a Ricci flow that is complete 
and of bounded curvature. Let p € M, let x = (p,T) € M x [0,7], and let r € (0,T). 
(1) The functions Ly andl, are locally Lipschitz functions on M x (0,T). 

(2) Lexp?, is a diffeomorphism from Uz(T) onto an open subset U,(T) of M. 

(3) The complement of U,(t) in M is a closed subset of M of zero Lebesgue 
measure. 

(4) For every tr < t' <T we have 


U(r’) CU, (T). 


PRooF. By Shi’s Theorem (Theorem 3.28) the curvature bound on M x [0,T] 
implies that for each € > 0 there is a bound for |VR| on M x (e,T]. Thus, Proposi- 
tion[6.59]shows that L,, is a locally Lipschitz function on M x (e, 7). Since this is true 
for every € > 0, Ly is a locally Lipschitz function on M x (0,7). Of course, the same 
is true for l,. The second statement is contained in Proposition and the last 
one is contained in Proposition|6.30] It remains to prove the third statement, namely 
that the complement of U/,(7) is closed nowhere dense. This follows immediately 
from Corollary [6.67] since |Ric| and |VR| are bounded on F= M x [T—7,T]. O 


COROLLARY 7.6. The function l, is a continuous function on M x (0,T) and 
is smooth on the complement of a closed subset C that has the property that its 
intersection with each M x {t} is of zero Lebesgue measure in M x {t}. For each 
rT € (0,7) the gradient VIZ is then a smooth vector field on the complement of 
CN Mr,, and it is a locally essentially bounded vector field in the following sense. 
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For each q € M there is a neighborhood V Cc M of q such that the restriction of 
|VIZ| toV\(V AC) is a bounded smooth function. Similarly, Ol,/Ot is an essentially 
bounded smooth vector field on M x (0,T). 


2. A bound for min/7 


We continue to assume that we have a Ricci flow (M,g(t)), O0< t < T < «~, 
complete and of bounded curvature and a point « = (p,T) € M x [0,7]. Our 
purpose here is to extend the first differential inequality given in Corollary [6.51] 
to a differential inequality in the weak or distributional sense for 1, valid on all of 
M x (0,7). We then use this to establish that mingeyl7(q) < n/2 for allO0 <7 <T. 

In establishing inequalities in the non-smooth case the notion of a support func- 
tion or a barrier function is often convenient. 


DEFINITION 7.7. Let P be a smooth manifold and let f: P — R be a continuous 
function. An upper barrier for f at p € P is a smooth function y defined on a 
neighborhood of p in P, say U, satisfying y(p) = f(p) and y(u) > f(u) for all 
u € U, see Fic. 


R 


graph of ¢ 


/ graph of f 


a 


FIGURE 1. Upper barrier. 


PROPOSITION 7.8. Let (M,g(t)), 0<t < T < o0, be an n-dimensional Ricci 
flow, complete of bounded curvature. Fix a point x = (p,T) € M x [0,T], and for 
any (q,t) € M x [0,T], setr =T—t. Then for any (q,t), with0<t<T, we have 


Ae (n/2) — le(@,7) 

= Al, (q,7) << ————_—— 
2 (q,7) + Ala(g,7) < GA 
in the barrier sense. This means that for each « > 0 there is a neighborhood U of 
(q,t) in M x [0,T] and an upper barrier ip for 1, at this point defined on U satisfying 


F(a.) +Aplqr) < S2) bla) 
a T 

REMARK 7.9. The operator A in the above statement is the horizontal Laplacian, 
i.e., the Laplacian of the restriction of the indicated function to the slice M x {t = 
T — rT} as defined using the metric g(T' — 7) on this slice. 


+e. 
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ProoF. If (¢,T —7) € Uz, then 1, is smooth near (q,T — 7), and the result is 
immediate from the first inequality in Corollary [6.51] 

Now consider a general point (g¢,t = T— 7) with 0 < t < T. According to 
Lemma[?.2]there is a minimizing £-geodesic y from x = (p,T) to (q,t = T—T). Let 
y be any minimizing £-geodesic between these points. Fix 0 < 7 < 7 let qi = y(71) 
and set t+] = JT — 7. Even though q; is contained in the t; time-slice, we keep 
7 = T—tso that paths beginning at gq; are parameterized by intervals in the 7-line of 
the form [71,7'] for some 7’ < T. Consider Lexp(q, 4): Tq, M x (1,T) — M x (0,41). 
According to Proposition [6.31] there is a neighborhood V of {4/T Aa Ta) } (Fis 7] 
which is mapped diffeomorphically by Lexpyg, 4,): Tq, M x (71,7) ~ M x (0,t1) onto 
a neighborhood V of 7((71,7)). (Of course, the neighborhood V depends on 7;.) Let 
Liqi,t:) be the length function on V obtained by taking the £-lengths of geodesics 


parameterized by points of V. Let (or,: V — R be defined by 


1 
Pr (dq, t') — Wz (L(Y 0,711) ‘i Liat) (Vs t= t')) : 


Clearly, y;, is an upper barrier for 1, at (q,7). According to Lemma|[6.49] we have 





Opn n Pr (Ger) 1 
eo ja NE 
dr (q,7) + Ay, (4,7) = 2/T(/7 — 71) F 5,372 £ (110,71) 
An) Kal) 





a TAG = JAP 

1 71)3/2 ; 
5 (4) (Rlat) +1 X()P). 
By Lemma|[6.47] it follows easily that 


: Oy, n/2) — Iy(q,t 
lim, so 5" (4,1) + Agr (q,t) = eT 


This establishes the result. O 


THEOREM 7.10. Suppose that (M,g(t)), O<t < T < ow, is an n-dimensional 
Ricci flow, complete of bounded curvature. Then for any x = (p,T) € M x [0,T 
and for every0 <7 <T there is a point q, © M such that lz(q,,T) < §.- 





Proor. We set Imin(7) = infgemlz(q,T). (We are not excluding the possibility 
that this infimum is —oo.) To prove this corollary we first need to establish the 
following claim. 


CLAIM 7.11. For every tT € (0,T) the function 1,(-,7) achieves its minimum. 
Furthermore, for every compact interval I Cc (0,7) the subset of (q,r) € M x I for 
which lz(q,T) = lmin(T) is @ compact set. 


First, let us assume this claim and use it to prove the theorem. We set lmin(T) = 
mingeml,(q,7). (This minimum exists by the first statement in the claim.) From 
the compactness result in the claim, it follows (see for example Proposition [2.23) 
that lmin(7) is a continuous function of rT. 

Suppose that /,(-,7) achieves its minimum at g. Then by the previous result, for 
any € > 0 there is an upper barrier ¢ for J, at (q,7) defined on an open subset U of 
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(q,T) € M x (0,T) and satisfying 
d ND las 
48 (4,7) + dy(qr) < CA 29 5, 
dt 7 
Since l.(q,7) = lmin(7), it follows that y(q',7) > y(q,T) for all (q’,7) EC UN Mr_-. 
This means that Ay(q,7T) > 0, and we conclude that 
dp (2/2) — Imin(7) 
had ee es, 
a, ST) S 2 


+e. 


Since y is an upper barrier for l,, at (q,7) it follows immediately that 
l.(q, <) _ l(q, T) < (n/2) _ ln(q, T) 


TAT T 


limsup,._,-+ +€. 


Since this is true for every € > 0, we see that 
(n/2) — le (4,7) 


: Lat ) — ly(q,T) 
limsup,,,+—— 7 < i 
Since lmin(T) = l2(q,7), the same inequality holds for the forward difference quotient 


of Imin at 7. That is to say, we have 
fiipepcy = OU ce) 2 a) 
TT T 
The preceding equation implies that if min(t) < n/2 then Ipin(7’) < n/2 for every 
7’ > 7. On the other hand lim,_.olmin(7) = 0. Then reason for this is that the 
path 7’ +> (P,T — 7’) for r’ € [0,7] has £-length O(r°/?) as + — 0. It follows that 
lmin(T) <n/2 when 7 is small. 
To complete the proof of Theorem [7.10] it remains to prove Claim [7.11] 


PROOF. In the case when M is compact, the claim is obvious. We consider the 
case when M is complete and the flow has bounded curvature. Since the curvature 
on M x [0,7] is bounded, according to Inequality there is a constant C' such 
that for all t,t’ € [0,7] we have 


C7'g(t') < g(t) < Cg(t’). 


For any compact interval J Cc (0,7), there is Ig < oo such that lmin(T) < Io for 
all 7 € I. According to Corollary [6.61] for every 7 € I and all L-geodesics from 
x to points (q,T — 7) of lengths at most 2|l9| there is an upper bound, say C2, to 
|, /7X4(r)|. Thus, |X,(7| < a. and hence 


|X4(r)| ger) < CoVC/Vr 


for these geodesics. Thus, 


| |Xy(z)|gcryat < 2VFO2VC. 
0 


This shows that there is A < co such that for each 7 € I and for any L-geodesic 7 
defined on [0,7] of length at most 2|lo| the following holds. Letting g € M be such 
that 7(7) = (q,T —7), the point q lies in Br(p, A). This implies that the endpoints 
of all such £-geodesics lie in a fixed compact subset of M independent of 7 € J and 
the geodesic. Since the set of (q,7) where l,(q,7) = lmin(T) is clearly a closed set, it 
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follows that the subset of M x I of all (¢,7) € M x I for which 1,(¢,7) = lmin(T) is 
compact. The last thing to show is that for every 7 € I the function 1,(-,7) achieves 
it minimum. Fix 7 € J and let gq, be a minimizing sequence for l,(-,7). We have 
already established that the g, are contained in a compact subset of M, and hence 
we can assume that they converge to a limit gq € M. Clearly, by the continuity of 
Ll, we have l;(q,7) = limp—oolz(Qn,T) = infgemlz(q’,T), so that I,(-,7) achieves its 
minimum at q. O 


Having established the claim, we have now completed the proof of Theorem [7.10] 
im 





Actually, the proof given here also shows the following, which will be useful later. 


COROLLARY 7.12. Suppose that (M,G) is a generalized n-dimensional Ricci flow 
and that x € M is given and set tp = t(x). We suppose that there is an open subset 
U ct7!(—00, to) with the following properties: 

(1) For every y € U there is a minimizing L-geodesic from x to y. 

(2) There are r >0 and At > 0 such that the backward parabolic neighborhood 
P(x, to,r, At) of x exists in M and has the property that PM t~'(—o0, to) 
is contained in U. 

(3) For each compact interval (including the case of degenerate intervals con- 
sisting of a single point) I C (—o0, to) the subset of points y € t-'(I) NU 
for which L(y) = inf zet-1(t(y)nuL(Z) is compact and non-empty. 

Then for every t < tg the minimum of the restriction of ly to the time-slice t~!(t)QU 
is at most n/2. 


2.1. Extension of the other inequalities in Corollary [6.51} The material 
in this subsection is adapted from [72]. It captures (in a weaker way) the fact that, 
in the case of geodesics on a Riemannian manifold, the interior of the cut locus in 
T,M is star-shaped from the origin. 


THEOREM 7.13. Let (M,g(t)), O< t 
of bounded curvature, and let x = (p,T) 
Corollary (6.51) namely 


<T < o, be a Ricci flow, complete and 
€ M x [0,T]. The last two inequalities in 


Ol n 
sale tee —-AI’> 
5, + Viel TG. li, > 0 


iv — 
-|VitP?+R+ 2" +2Ar <0 
T 
hold in the weak or distributional sense on all of M x {r} for allt > 0. This means 
that for any T > 0 and for any non-negative, compactly supported, smooth function 
o(q) on M we have the following two inequalities: 


Oly a 
. ——— T = oe _ jt a 
i le (= Vig = 1b =| ZA¢| dvol(g(t)) > 0 


Ir 
|. le (-iver+R+ z 
Mx{r} T 





*) i 2A¢| dvol(g(t)) < 0. 


170 7. COMPLETE RICCI FLOWS OF BOUNDED CURVATURE 


Furthermore, equality holds in either of these weak inequalities for all functions @ as 
above and all r if and only if it holds in both. In that case ly is a smooth function 
on space-time and the equalities hold in the usual smooth sense. 


REMARK 7.14. The terms in these inequalities are interpreted in the following 
way: First of all, Vi7 and Al are computed using only the spatial derivatives (i.e., 
they are horizontal differential operators). Secondly, since J, is a locally Lipschitz 
functions defined on all of M x (0,7) we have seen that Ol,/Ot and |VIZ|? are 
continuous functions on the open subset U,(7) of full measure in M x {7} and 
furthermore, that they are locally bounded on all of M x {7} in the sense that for 
any q € M there is a neighborhood V of q such that the restriction of |VIZ|? to 
V NU,(r) is bounded. This means that 0l,/0t and |VIZ|? are elements of L°°.(M) 
and hence can be integrated against any smooth function with compact support. In 
particular, they are distributions. 

Since VI7, is a smooth, locally bounded vector field on an open subset of full 
measure, for any compactly supported test function ¢, integration by parts yields 


| Ae-te dvot(g(t)) == [ (v0, 712) avol(a(t) 
Thus, formulas in Theorem [7.13] can also be taken to mean: 


lx T 2 nr - 
= lo: (52 + IVE — R+ 5) + (Vis, V¢)] dvol(g(é)) > 0 


e 
in 





|. [e Ciar + B+ 2) - 20017, Vo)]dvol(g(t)) < 0. 
Mx{r} 

The rest of this subsection is devoted to the proof of these inequalities. We fix 
(M,g(t)), 0<t<T < oo, as in the statement of the theorem. We fix x and denote 
by LZ and / the functions L, and /,. We also fix 7, and we denote by L7 and /7 the 
restrictions of L and / to the slice M x {T — rT}. We begin with a lemma. 


LEMMA 7.15. There is a continuous function C: M x (0,T) — R such that for 
each point (q,t) © M x (0,T), setting 7 = T —t, the following holds. There is an 
upper barrier ~(q4) for Ly, at the point q defined on a neighborhood U(q4) of q in M 
satisfying |V¥qt)(@)| < C(a,t) and 


Hess(y)(v,v) < C(q, t)|v|? 
for all tangent vectors v € Ty M. 


Proor. By Proposition[7.5] L is a locally Lipschitz function on M x (0,T), and 
in particular is continuous. The bound C(q,t) will depend only on the bounds on 
curvature and its first two derivatives and on the function L(q,t). Fix (q,t) and let 
y be a minimizing C-geodesic from x to (q,t). (The existence of such a minimizing 
geodesic is established in Lemma[?.2]) Fix 7; > 0, with 7 < (T—t)/2, let t; = T-—1, 
and let qi = y(71). Consider yiq4) = £(Y0,71)) + Dan yts)" This is an upper barrier 
for L7, at q defined in some neighborhood V Cc M of q. Clearly, Viiq4) = VL, 


(q1,t1) 


and Hess(¥(q,t) = Hess(L(q, 4,))- 
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According to Corollary we have VL7,, »,)(q) = 2,/7X,(7T). On the other 
hand, by Corollary there is a bound on \/7|X,(7)| depending only on the 
bounds on curvature and its first derivatives, on 7 and 7, and on /,(q,7). Of course, 
by Shi’s theorem (Theorem [3.27] for every ¢ > 0 the norms of the first derivatives 
of curvature on M x [e, 7] are bounded in terms of € and the bounds on curvature. 
This proves that |Vq,1)(q)| is bounded by a continuous function C(q,¢) defined on 
all of M x (0,T). 

Now consider Inequality for y at FT =T. It is clear that the first two terms 
on the right-hand side are bounded by C|Y (r)|?, where C' depends on the curvature 
bound and on T — t. We consider the last term, ie V7'H(X,Y)dr’. We claim 
that this integral is also bounded by C’|Y(r)|? where C’ depends on the bounds on 
curvature and its first and second derivatives along 7; and on T — t. We consider 
tT! € [1,7]. Of course, V’7/|X(r’)| is bounded on this interval. Also, 


|= vr ~ Ja T va T 
pen = (S98) i ES ae )I- 


Hence |Y(r’)|/V7’ and |Y(r’)||X(r’)| are bounded in terms of T — t, |Y(r)|, and 
the bound on V7'|X(r’)| along the L-geodesic. From this it follows immediately 
from Equation that H(X,Y) is bounded along the L-geodesic by CY (F)|? 
where the constant C' depends on T’— ¢ and the bounds on curvature and its first 
two derivatives. oO 





Of course, if (q,t) € Uz(rT), then this argument shows that the Hessian of L7. is 
bounded near (q,t). 

At this point in the proof of Theorem [7.13] we wish to employ arguments using 
convexity. To carry these out we find it convenient to work with a Euclidean metric 
and usual convexity rather than the given metric g(t) and convexity measured using 
g(t)-geodesics. In order to switch to a Euclidean metric we must find one that well 
approximates g(t). The following is straightforward to prove. 


CLAIM 7.16. For each point (q,t) € M x (0,7) there is an open metric ball Big.) 
centered at q in (M,g(t)) which is the diffeomorphic image of a ball B C TyM under 
the exponential map for g(t) centered at q such that the following hold: 

(1) Bogt) C U(gt) 80 that the upper barrier Yq) from Lemma[7. 15] is defined 
on all of Big): 
(2) The constants C(z,t) of Lemma|7.15| satisfy C(z,t) < 2C(q,t) for all z € 
Boat): 
(3) The push-forward, h, under the exponential mapping of the Euclidean met- 
ric on TyM satisfies 
h/2<g9 < 2h. 


(4) The Christoffel symbols rk for the metric g(t) written using the Gauss- 
ian normal coordinates (the image under the exponential mapping of or- 


thonormal linear coordinates on TyM) are bounded in absolute value by 
1/(8n°C(q,t)) where n is the dimension of M. 
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Instead of working in the given metric g(t) on Big) we shall use the Euclidean 
metric h as in the above claim. For any function f on Big) we denote by Hess(f) 
the Hessian of f with respect to the metric g(t) and by Hess’(f) the Hessian of f 
with respect to the metric h. By Formula (1.2), for any z € By, 4) and any v € T,M, 
we have 


jg OPE. 
Hess((-,))(v,v) = Hess" (y¢.,9)(v,v) — So v'vi SG". 


i,j,k 





Thus, it follows from the above assumptions on the rk and the bound on |V¥_z.4)| 
that for all z € Big 4) we have 


lvlis 


I 


(7.2) Hess((.,))(v,v) — Hess" (p.,9)(v,»)] < 
and hence for every z € Big 4) we have 


llr 


1 
Hess! (g..y)(vs0) $ 2C(atlol3 + 4 < (4C(@t) + 5) lh 


This means: 
CLAIM 7.17. For each (q,t) © M x (0,T) there is a smooth function 


%qt)? Bigt) > BR 


with the property that at each z € Big 4) there is an upper barrier biz 4) for L” +Y(q,t) 
at z with 


Hess! (by.,))(vs 0) < —3|ul2/2 
for allvE TM. 
PROOF. Set 
Wat) = —(2C(4, t) as 1)di,(q, aE 


Then for any z € Bigy) the function bi24) = Y(z,t) + Y(qt) 18 an upper barrier for 
L7 + qt) at z. Clearly, for all v € T,M we have 


Hess” (b(.,4))(v, v) = Hess” (y(z,1))(v, v) 1 Hess” (Wq,2))(v, v) = —3|u|;,/2. 





O 


This implies that if a: [a,b] + Byqs) is any Euclidean straight-line segment in 
Biqt) parameterized by Euclidean arc length and if z = a(s) for some s € (a,}), 
then 


(Biz,t) 0. a)""(s) < -3/2. 


CLAIM 7.18. Suppose that 3: |—a,a] > R is a continuous function and that at 
each s € (—a,a) there is an upper barrier b, for 3 at s with bf < —3/2. Then 
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ProoF. Fix c < 3/4 and define a continuous function 


(A=) + (9) | 2 ao) 


A(s) = —— ge es 

for s € [0,a]. Clearly, A(O) = 0. Also, using the upper barrier at 0 we see that 
for s > 0 sufficiently small A(s) < 0. For any s € (0,a) there is an upper barrier 
cs = (bs +b_s)/2+cs?—(0) for A(s) at s, and c(t) < 2c—3/2 < 0. By the maximum 
principle this implies that A has no local minimum in (0,a), and consequently that 
it is a non-increasing function of s on this interval. That is to say, A(s) < 0 for all 

€ (0,a) and hence A(a) < 0, ie., (G(a) + B(—a))/2+ca? < G(0). Since this is true 
for every c < 3/4, the result follows. O 





Now applying this to Euclidean intervals in By_,4) we conclude: 
COROLLARY 7.19. For any (q,t) € M x (0,7), the function 
Bog,t) = L" + Vet)? Bat) 7 R 
is uniformly strictly convex with respect to h. In fact, let a: |a,b] + Bigs) be a 


Euclidean geodesic arc. Let y,z be the endpoints of a, let w be its midpoint, and let 
|a| denote the length of this arc (all defined using the Euclidean metric). We have 


Bqt)(w) = Buanlw) + Aan(2)) A 3p 


What follows is a simple interpolation result (see ). For each q € M we let 
C Bigs) be a smaller ball centered at q, so that Bi has compact closure in 


/ 
Beat) 
B(q,t): 

CLAIM 7.20. Fix (q,t) € M x (0,T), and let Big 4): Bigt) > R be as above. Let 
SCM be the singular locus of L’, i.e, S=M\U,z(T). Set Siq4) = Big) VS. Of 
course, Bqz) is smooth on Big 4) \ Sq). Then there is a sequence of smooth functions 
eee Boat) — R}P2, with the following properties: 


qt) 


(1) As k — 00 the functions f, converge uniformly to Bq 4) on Bot): 


(2) For any « > 0 sufficiently small, let ve(S(qt)) be the €-neighborhood (with 
respect to the Euclidean metric) in Bigz) of S(qt) Bigs). Then, as k — 00 
the restrictions of fx to Ba t) \ Be t) a Ve(S(q,t)) converge uniformly in 
the C°-topology to the restriction of Bq 4) to this subset. 

(3) For each k, and for any z € ue t) and anyv€T,M we have 

Hess( fx)(v,») < —}oey/2 
That is to say, fp is strictly convex with respect to the metric g(t). 
PROOF. Fix € > 0 sufficiently small so that for any z € Ba t) the Euclidean 
e-ball centered at z is contained in Byq4). Let Bo be the ball of radius € centered at 
the origin in R” and let €: Bp — R be a non-negative C™-function with compact 
support and with [ Bo Edvoly, = 1. We define 


Be, y(2) = - Went pina, 
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for all z € Boat t): It is clear that for each « > 0 sufficiently small, the function 
Boa ): Bu in R is C™ and that as « — 0 the Boat ) converge uniformly on Bi t) 
to 8(qz). It is also clear that for every « > 0 sufficiently small, the conclusion of 
Corollary [7.19] holds for Bat) and for each Euclidean straight-line segment a in Bea, t)* 
This implies that Hess!’ (08, 1» )(v, v) < —3|v|?/2, and hence that by Inequality (7.2) 
that 

Hess((3(,,2))(v,v) < —lvlk = —loleqy/2- 
This means that Ba t) is convex with respect to g(t). Now take a sequence «, — 0 
and let fy = Be 


qyt)’ 
Lastly, it is a standard fact that f, converge uniformly in the C%°-topology to 
B(q,t) On any subset of Bi ie whose closure is disjoint from S(q 4). O 





DEFINITION 7.21. For any continuous function 7 defined on Boat) \ (Stax a Boat ) 


if 


(at))” 


we define 

wdvol(g(t)) = timo wdvol(g(t)). 
Bea ty \Ye(S(a,t))Biq,2) 

We now have: 


CLAIM 7.22. Let ¢: Bu ai R be a non-negative, smooth function with compact 
support. Then 


| Bra) Addvol(9(t)) < i $DBrqn,Av0l(g(t)). 


Bog,t) (Box) 
REMARK 7.23. Here A denotes the Laplacian with respect to the metric g(t). 


PROOF. Since fx — 6(q) uniformly on Ba 1) we have 


| B(qt) Modvol(g(t)) = limp .o0 | frAddvol(g(t)). 
(at) Bea,t) 


Since f;, is strictly convex with respect to the metric g(t), Af, < 0 on all of Ba t): 
Since ¢ > 0, for every € and k we have 


/ ~A fdvol(g(t)) < 0. 
(Sq ) )NBoq 4) 
Hence, for every k and for every € we have 


i fuddavol(9(t)) | $A fudvol(g(t)) 


Boat) Boas) 


| ~A fxdvol(g(t)). 
Boa t)\ (Bis MWe (S(q,t) )) 


Taking the limit as k — oo, using the fact that f, — ((q4) uniformly on Boat) 
and that restricted to Bi wa) \ (Bi wae Ve(S(qt))) the fx converge uniformly in the 
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C™-topology to ((q4) yields 


| Bq,t) Apdvol(g(t)) < : ~ABydvol(g(t)). 


Baa Bea \(Biqy We(Siat))) 


Now taking the limit as « — 0 establishes the claim. O 





COROLLARY 7.24. Let ¢: Bi 
compact support. Then 


i 


PROOF. Recall that 6(¢4) = L7 + Y(qt) and that yq4) is a C™-function. Hence, 


oe R be a non-negative, smooth function with 


I Addvol(9(t)) < , PATIO): 


/ * 
(ast) (Beaty) 


| bq Addvol(g(t)) = i Ada) dvol(9(t)). 
Bley tea)" 


(Bea,t) 


Subtracting this equality from the inequality in the previous claim and dividing by 
2\/7 gives the result. LU 





Now we turn to the proof proper of Theorem [7.13] 


PROOF. Let ¢: M — R bea non-negative, smooth function of compact support. 
Cover M by open subsets of the form Bea, 1) as above. Using a partition of unity 
we can write ¢ = )°,; d; where each ¢; is a non-negative smooth function supported 
in some Boa,,t)" Since the inequalities we are trying to establish are linear in @, 
it suffices to prove the result for each ¢;. This allows us to assume (and we shall 
assume) that ¢ is supported in Bi at) for some q € M. 

Since IZ is a locally Lipschitz function, the restriction of |VIZ|? to Bi ah) is an 


(oe) 


Ioc-function. Hence 


Lyrs.-function. Similarly, Ol, /O07 is an L 


: Q: (Se +iver-r+2) dvol(g(t)) 
! 2T 


OT 
(q,t) 


: I, 


(at))” 
On the other hand, by Corollary [7.24] we have 


| I’ Agdvol(g(t)) < / eAlidvol(g(t)). 
B ' 


(ast) aa)" 


Olg -3 n 
o) (= +|VIZ|}°-R+ =) dvol(g(t)). 


Putting these together we see 


Oly, 
[ o(Fstiver-R+ Z) - casavora) 
Bea.) “ 7 


I 
S / o(Fe+iver-R+e- a0) dvol(g(t)). 
(Bu) OT 2T 
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It follows immediately from the second inequality in Corollary that, since 
@>0and (BI )) Cc U,(T), we have 


(at 
li, T\2 n T 
‘ | + |VIZ/° —R+— —Alj ) dvol(g(t)) > 0. 
(Ba) OT 2T 


This proves the first inequality in the statement of the theorem. 
The second inequality in the statement of the theorem is proved in exactly the 
same way using the third inequality in Corollary 
Now let us consider the distributions 
Oly n 
Di =~ + |ViP?-R+—-AL 
1 Or Ms is Qr " 


and It 
Dz =-|VitP?+R+2—" +2ar 
T- 
on M x {7}. According to Corollary the following equality holdes on U(r): 


Aly T 2 Ur 

257 + 1Vie| es =): 

By Proposition [7.5] the open set U/,(7) has full measure in M and |VI7|? and 01, /OT 
are locally essentially bounded. Thus, this equality is an equality of locally essen- 
tially bounded, measurable functions, i.e., elements of LPM), and hence is an 


loc 


equality of distributions on M. Subtracting 2D, from this equality yields Dg. Thus, 
Dz = —2D,, 


as distributions on M. This shows that D2 vanishes as a distribution if and only if 
D, does. But if D2 = 0 as a distribution for some 7, then by elliptic regularity I7 is 
smooth on M x {7} and the equality is the naive one for smooth functions. Thus, 
if D2 = 0 for all 7, then /7 and 01/07 are C™ functions on each slice M x {7} and 
both D,; and Dz hold in the naive sense on each slice M x {7}. It follows from a 
standard bootstrap argument that in this case /7 is smooth on all of space-time. UO 





3. Reduced volume 


We have established that for a Ricci flow (M,g(t)), 0 < t < T, and a point 
x = (p,T) € M x 0,7] the reduced length function l,, is defined on all of M x (0,T). 
This allows us to defined the reduced volume of M x {7} for any 7 € (0,7) Recall 
that the reduced volume of M is defined to be 


V2(M,7) = | 7 2exp(—lx(q,7))dq. 
M 
This function is defined for 0 < 7 < T. 


There is one simple case where we can make an explicit computation. 


LEMMA 7.25. If (M,g(t)) is flat Euclidean n-space (independent of t), then for 
any x € R” x (—o0, co) we have 


V,(M, 7) = (4x)"/? 
for allt > 0. 
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PrRooF. By symmetry we can assume that « = (0,7) € R” x [0,T], where 0 € R” 
is the origin. We have already seen that the £-geodesics in flat space are the usual 
geodesics when parameterized by s = ,/7. Thus, for any X € R” = TOR” yx(T) = 
2,/7X, and hence Lexp(X,T) = 2V/7X. This means that for any 7 > 0 and any 
X € ToR” we have U(r) = TM, and J(X,rT) = 2"r"/?. Also, Ly (X,7) = 2V7|X/?, 
so that 1,(X,7) =|X|?. Thus, for any rT > 0 


Vz(R”,T) -| pM 2e-|XPon n/2qxy — (4)"/?, 


O 





In the case when M is non-compact, it is not clear a priori that the integral 
defining the reduced volume is finite in general. In fact, as the next proposition 
shows, it is always finite and indeed, it is bounded above by the integral for R”. 


THEOREM 7.26. Let (M,g(t)), O<t<T, be a Ricci flow of bounded curvature 
with the property that for each t € [0,T] the Riemannian manifold (M,g(t)) is 
complete. Fix a point x = (p,T) € M x [0,T]. For every0 <7 < T the reduced 
volume 


BUG 7)= [, tT Fexp(—l2(q, T))dq 


is absolutely convergent and V,(M,7) < (4m)?. The function V,(M,7) is @ non- 
increasing function of T with 


lim,_.0V2(M,r) = (4r)?. 


PRooF. By Proposition[7.5]U/,(7) is an open subset of full measure in M. Hence, 


¥,(M,r) = i Saltese 
Uz (7) 


Take linear orthonormal coordinates (z',..., 2”) on T,M. It follows from the pre- 
vious equality and Lemma|[6.7]] that 


¥,(M,7) =f ea eee ae 
(7) 
where f(Z,7T) = tr BeZ7) F(Z, T). By Proposition [6.81] for each Z the integrand, 
f(Z,7), is a non-increasing function of 7 and the function converges uniformly on 
compact sets as T — 0 to 2"e7!4l’, This implies that f(Z,7) < 2"¢—I2l” for all 
T > 0, and hence that 
[ F(Z 92" cde 
Uz (r) 

converges absolutely for each 7 > 0, and the integral has value at most (47)"/?. 

Fix 0 < 7 < T. According to Theorem [6.80] (with A = M x (T — 70,T)), the 
reduced volume V,(M,7) is a non-increasing function of 7 on (0, 70]. Since this is 
true for any 0 < 7) < T, it follows that V,(M,7) is a non-increasing function of T 
for all tr € (0,7). (This of course is a consequence of the monotonicity of f(Z,7) in 
r and the fact that U,(T) C Up(r’) for 7! < 7.) 
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To show that lim,;_.9V;(M,7) = (4m)"/? we need only see that for each A < oo 
for all 7 > O sufficiently small U/,(7) contains the ball of radius A centered at 
the origin in T,M. Since the curvature is bounded, this is exactly the content of 


Corollary O 


3.1. Converse to Lemma In Lemma[7.25] we showed that for the triv- 
ial flow on flat Euclidean n-space and for any point z € R” x {T} the reduced 
volume V,(R",7T) is independent of r > 0 and is equal to (47)"/2. In this subsec- 
tion we use the monotonicity results of the last subsection to establish the converse 
to Lemma [7.25] namely to show that if (I, g(t)),0 < t < T, is a Ricci flow com- 
plete with bounded curvature and if V,(M,7) = (47)"/? for some 7 > 0 and some 
x € M x {T}, then the flow on the interval [J — 7,T] is the trivial flow on flat 
Euclidean n-space. 





PROPOSITION 7.27. Suppose that (M,g(7)), 0 < 7 < T, is a solution to the 
backward Ricci flow equation, complete of bounded curvature. Let x = (p,T) € 
M x {T}, and suppose that0 <7 <T. If V,(M, 7) = (4r)"/?, then the backward 
Ricci flow on the interval [0,7] is the trivial flow on flat Euclidean space. 


Proor. If V,(M,7) = (4m)"/?, then by Lemma [725] V,(M,r) is constant on 
the interval (0,7]. Hence, it follows from the proof of Theorem[7.26]that the closure 
of U(r) is all of T,M for all 7 € (0,7] and that f(Z,r) = e|Zl’a” for all Z € T,)M 
and all 7 <7. In particular, 

Oln(f (Z,7)) 
OT 
From the proof of Proposition [6.81] this means that Inequality (6.20) is an equality 
and consequently, so is Inequality (6.19). Thus, by Proposition [6.37] (with 7, = 0) 
each of the vector fields Y(T) = Ya(r) is both a Jacobi field and adapted. By 
Proposition we then have 


Ric + Hess(I7) = 


= 0. 


as 

2r 

In particular, l, is smooth. Let y,;: M — M, 0 <7 <T, be the one-parameter 
family of diffeomorphisms obtained by solving 





“fe =Vl,(-,7) and yr=Id. 
We now consider = 
h(r) = =p59(7). 
We compute 
Oh Es T T OfORi 
Be par 9 (7) + =e7L aps (9(7)) + =H; 2Ric(g(r)) 





a Fr i 
= ~Fyezalr) + Zezartess(tz) + Zps ( Za(r) — attess(tz)) = 0. 
T T T ae 


That is to say the family of metrics h(7) is constant in rT: for all 7 € (0,7] we have 
h(r) = A(7) = g(7). It then follows that 


a(t) = =(¢;")*9(7), 
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which means that the entire flow in the interval (0,7] differs by diffeomorphism 
and scaling from g(7). Suppose that g(7) is not flat, i.e., suppose that there is 
some (x,7) with |Rm(z,7)| = kK > 0. Then from the flow equation we see that 
|Rm(y>!(ax),7)| = K7?/r?, and these curvatures are not bounded as tT — 0. This 
is a contradiction. We conclude that g(7) is flat, and hence, again by the flow 
equation so are all the g(r) for 0 < 7 < 7, and by continuity, so is g(0). Thus, 
(M,g9(r)) is isometric to a quotient of R” by a free, properly discontinuous group 
action. Lastly, since V,(M,r) = (47)"/2, it follows that (IM, g(r)) is isometric to R” 


for every T € [0,7]. Of course, it then follows that the flow is the constant flow. 





O 


CHAPTER 8 


Non-collapsed results 


In this chapter we apply the results for the reduced length function and reduced 
volume established in the last two sections to prove non-collapsing results. In the 
first section we give a general result that applies to generalized Ricci flows and 
will eventually be applied to Ricci flows with surgery to prove the requisite non- 
collapsing. In the second section we give a non-collapsing result for Ricci flows on 
compact 3-manifolds with normalized initial metrics. 


1. A non-collapsing result for generalized Ricci flows 
The main result of this chapter is a «-non-collapsed result. 


THEOREM 8.1. Fix positive constants Ta < co, lp < co, and V > 0. Then there 
is K > 0 depending on To, V, and Ig and the dimension n such that the following 
holds. Let (M,G) be a generalized n-dimensional Ricci flow, and let 0 < 7] < 7o. 
Letx Ee M be fixed. Set T = t(x). Suppose that 0 <r < ,/7 is given. These data 
are required to satisfy: 

(1) The ball B(x,T,r) C Mr has compact closure. 

(2) There is an embedding B(x,T,r) x [T — r?2,T] C M compatible with t and 
with the vector field. 

(3) [Rm] < r~? on the image of the embedding in (2). 

(4) There is an open subset We ae (7) C TyMr with the property that for 
every L-geodesic y: [0,70] = M with initial condition contained in W, the 
l-length of y is at most lp. _ 

(5) For each t € [0,70], let W(r) = Lexp7(W). The volume of the image 
W(t) C Mr_—ry is at least V. 

Then 
Vol(B(x,T,r)) > Kr”. 


See Fic. [I] 

In this section we denote by g(r), 0 < T < r?, the family of metrics on B(«,T,r) 
induced from pulling back G under the embedding B(«,T,r) x [T —r?,T] > M. Of 
course, this family of metrics satisfies the backward Ricci flow equation. 


PROOF. Clearly from the definition of the reduced volume, we have 
V,(W(r0)) > To Velo > x seve, 


By the monotonicity result (Theorem [6.80) it follows that for any 7 < 7, and in 
particular for any T < r?, we have 


(8.1) V2(W(r)) > 7?Ve7®, 
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P(a, DT Tr, —r?) 


Wn) = Lexp?(W) 


a= — 


space-time 





|Fm| sr? on Petr =r?) —, non-collapsing 
Ve(W(T0)) 2 € of Mr at x 


FiIGuRE 1. Non-collapsing. 
Let ¢ = */Vol(B(x,T,r))/r, so that Vol B(x,T,r) = e"r”. The basic result we 
need to establish in order to prove this theorem is the following: 


PROPOSITION 8.2. There is a positive constant €9 < 1/4n(n — 1) depending on 


Fo and lo such that if e < eo then, setting r, = er?, we have V,(W(m)) < 3e. 


Given this proposition, it follows immediately that either ¢ > €9 or 


~ 2/n 
e > V..(W (71)) > _ V2/re-2lo/n. 
3 32/"F 





Since « = «”, this proves the theorem. 


PRooF. We divide W into 


~ 1 
Wen =WN {z € T,Mr||Z| < ser} 


and 
We = Ww " Wis 
(see Fic. 8.2). 
We set Wemn(71) = Lexp7} (Wem) and Wi,(71) = Lexp?! (Wig): Clearly, since W (7) 
is the union of Wem(71) and Wi,g(71) and since these subsets are disjoint measurable 
subsets, we have 


Vi(W (71) = Vi(Wem(T1)) + Va(Wig(71))- 
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1 
WwW ball of radius ae 


ar 
FEY 


—~ 


Wig Wem 


FIGURE 2. Wig and Wern- 


We shall show that there is eo such that either ¢ > eo or V2(Wem(71)) < 2e"/? and 
Vz (Wig (71)) < e"/2_ This will establish Proposition 82] and hence Theorem B.1] 


1.1. Upper bound for V,;(Wen(t1)). The idea here is that £-geodesics with 
initial vector in Wem remain in the parabolic neighborhood P = B(z,T,r) x [T — 
r2,T] for t € [0,r?]. Once we know this it is easy to see that their C-lengths are 
bounded from below. Then if the volume of B(x,T,r) was arbitrarily small, the 
reduced volume of Wsm(71) would be arbitrarily small. 


LEMMA 8.3. Setting 7 = er’, there is a constant €9 > 0 depending on To such 
that, if € <€o, we have 


[L 7 Pe MB F(Z, 7)dZ < 267. 
Of course, we have 


Va(Wonln)) = 


7647) dvolgn) == L ream) F(Z, 71) dZ, 
Wsm(71) Wem 


so that it will follow immediately from the lemma that: 


COROLLARY 8.4. There is a constant €9 > 0 depending on To such that, if é < €o, 
we have 


Vz (Wem (71)) < 2%, 


Proor. (Of Lemma[8.3) In order to establish Lemma\[8.3] we need two prelimi- 
nary estimates: 


CLAIM 8.5. There is a universal positive constant €9 such that, if e < ep, then 
there is a constant Cy, < co depending only on the dimension n such that the following 
hold for all y € B(x,T,r/2), and for allt € [T — ,T]: 

(1) 
1 


C 
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(2) 
gly, t) 
gy, T) 


ProoF. Recall that by hypothesis |Rm(y, t)| < 1/r? on B(a,T,r) x [{ —r?,T]. 
Rescale the flow by multiplying the metric and time by r~? resulting in a ball B 
of radius one and a flow defined for a time interval of length one with |Rm| < 1 
on the entire parabolic neighborhood B(xz,T,1) x [f—1,T]. Then according to 
Theorem there is a universal constant C, such that |VR(y,t)| < Ci for all 
(y,t) € B(x,T,1/2) x [f —1/2,T]. Rescaling back by r? to the original flow, we 
see that on this flow |VR(y,t)| < Ci/r? for all (y,t) € B(a,T,r/2) x [T — r?/2,T]. 
Taking e5 < 1/2 gives the first item in the claim. 

Since |Ric| < (n — 1)/r? for all (y,t) € B x [[ — r?, 7] it follows by integrating 
that 





d=) = < (1+ Cie). 





eon) /r? Et) — a(n-1)(7-8)/r?- 
~ g(z,T) ~ 
Thus, for t € [[ — 7,7] we have 
g(x, t) < e2in-Ve. 
g(x,T) ~ 


From this the second item in the claim is immediate. O 


e2(n—Ne 


IA 








At this point we view the £-geodesics as paths y: [0,71] > B(«,T,r) (with the 
understanding that the path in space-time is given by the composition of the path 
(y(r),T—T) in B(a,T,r) x [T —r?, T] followed by the given inclusion of this product 
into M. _ 

The next step in the proof is to show that for any Z € Wem the £-geodesic yz (the 
one having lim,_.9/7X,,(7) = Z) remains in B(«,T,r/2) up to time 7;. Because 
of this, as we shall see, these paths contribute a small amount to the reduced volume 
since B(«,T,r/2) has small volume. We set X(T) = Xy, (rT) 


CLAIM 8.6. There is a positive constant €9 < 1/4n(n —1) depending on To, such 
that the following holds. Suppose that € < €9 and Ti < 7) =er?. Let Z€T,Mr and 
let yz be the associated L-geodesic from x. Suppose that yz(T) € B(x,T,r/2) for all 
T <7. Then for all tT < T{ we have 


IIW7X (r)lgcr) — |Z] < 2e(1 + |Z). 


PROOF. First we make sure that €g is less than or equal to the universal constant 
ey of the last claim. For all (y,t) € B(x,T,r) x [[ —r?, T] we have |Rm(y, t)| < r~? 
and |VR(y,t)| < Ci/r? for some universal constant C,. Of course, r? < 7. Thus, 
at the expense of replacing C1) by a larger constant, we can (and shall) assume that 
C1/r? > (n —1)r-2 > |Ric(y,#)| for all (y,t) € B(x,T,r) x [[ — r?,T]. Thus, we 
can take the constant Co in the hypothesis of Lemma[6.60]to be C,/r?. We take the 
constant 7 in the hypothesis of that lemma to be er?. Then, we have that 


e2C1e? | 


maxocr<r, V7IX(7)| < PA" |Z| + —S 


ver, 
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and 
Cyer 1 
ver. 


By choosing €9 > 0 sufficiently small (as determined by the universal constant C) 
and by 79), we have 


&, E 
maxg<r<r VT|X(T)lg(r—r) < (1+ I4! + 55 


2 
2, e 
[Z| < PO mince VT|X (7)| + 


and 
Ee. , E 
|4| 5 + a) ming<r< VT7|X (7) grr) +5 
It is now immediate that 
[IW7X(r)|gr—ry — 1Z|| < e(1 + |Z). 


Again choosing €o9 sufficiently small the result now follows from the second in- 
equality in Claim [8.5] O 





Now we are ready to establish that the £-geodesics whose initial conditions are 
elements of Wem do not leave B(x,T,r/2) x [T —r?,T] for any T < 7h. 

CLAIM 8.7. Suppose €9 < 1/4n(n — 1) is the constant from the last claim. Set 
T, = er”, and suppose that ¢ < €9. Lastly, assume that |Z| < 42. Then yz(t) € 


Bye’ 
Bia, T, 7/2) for alr < 7%. 


PROOF. Since € < €9 < 1/4n(n — 1) < 1/8, by the last claim we have 
5 3 
IW7X(r)|g¢r) < (1 + 2€)|Z| + 2e < 7/4 7 32/6" 
provided that ¥|jo,7) is contained in B(x,T,r/2) x [[ —1,T]. Since |Z] < (8Ve)"+ 
we conclude that 


1 
IWTX(T)lgcr) S ae 


as long as y([0,7)) is contained in B(x,T,r/2) x [[ —7,T]. 
Suppose that there is 7’ < 7, = er? for which yz exits B(x,T,r/2) x [[ —r?,T]. 
We take 7’ to be the first such time. Then we have 


/ 








? 1 [7 dr 1 
lyz(r’) — 2locr < [ |X (7)|gerydt < — = Vr <r/2. 
ary $f, elma <a fe ad 
This contradiction implies that yz(r) € B(z,T,r/2) for all tT < 7) = er’. O 





Now we assume that ¢9 > 0 depending on 79 is as above and that ¢ < €g, and we 

shall estimate 
V2 (Wem (71)) =| (71) Fe") dvolg¢74)- 
Wsm(71) 

In order to do this we estimate 1,(q,7,) on Wem(71). By hypothesis |Rm| < 1/r? on 
B(ax,T,r/2) x [0,71] and by Lemma[8.7Jevery L-geodesic yz, defined on [0,71], with 
initial conditions Z satisfying |Z| < 1e-2 remains in B(x,T,r/2). Thus, for such 
yz we have R(yz(r)) > —n(n — 1)/r?. Thus, for any q € Wem(71) we have 


Le(q,71) = 7 V7(R+|X(r)|?)dr > nn YD in)i = ann De. 
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and hence 
Le(q, 71) > n(n ~~ 1) 


WA (8 
Since Wyn(T) C B(x, T,r/2) C B(a,T,r), we have: 


U+ xlq,71) = 


(8.2) V2(Wem(T1)) < e Br Me VEBVol rn) Walt) 
<= ear Met VES Vol or) Ber): 
CLAIM 8.8. There is a universal constant €9 > 0 such that if e < €9, for any open 
subset U of B(x,T,r), and for any 0 < 7 < 7, we have 


0.9 < Voly(r)U/Volger_7,)U < 1.1. 





PROOF. This is immediate from the second item in Claim O 


Now assume that €9 also satisfies this claim. Plugging this into Equation (8.2), 
and using the fact that ¢ < e9 < 1/4n(n — 1), , so that n(n — 1)e/3 < 1/12, and the 
fact that from the definition we have Vol,7) B(z,T,r) = e"r", gives 


<7 a 


Val Wem (71) Ss etre VE/3 (1.1) Volar) B(a, Tr) < (1.l)eFe. 


Thus, 
Ve(Wem(T1)) < 262. 
This completes the proof of Lemma O 





1.2. Upper bound for Ve(Wig(71))- Here the basic point is to approximate 
the reduced volume integrand by the heat kernel, which drops off exponentially fast 
as we go away from the origin. 

Recall that Vol B(z,T,r) = e"r” and 7, = er’. 


LEMMA 8.9. There is a universal positive constant eg > 0 such that if € < €9, we 
have 


Vi (Wig(71)) < m1) Fea) F(Z, T)dZ a ED. 


eas 


PrOooF. By the monotonicity result (Proposition [6.81]), we see that the restric- 


tion of the function 7, ?e~"47) F(Z, 71) to U(r1) is less than or equal to the re- 


—|2|? 


striction of the function 2”e to the same subset. This means that 


Va (Wig(71)) < ne lZ? a7 < | 2re-|Zl az. 


oe TpMr\B(0,ke-1/2) 


So it suffices to estimate this latter integral. 
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Fix some a > 0 and let I(a = {oa are IZM aZ. Let R(a/,/n) be the n-cube 
centered at the origin with i ieee Ba) Vm. Then R(a/./n) C B(0,a), so that 


I(a) > | piel ag 
R(a/ V7) 


n 


a//n 5 
II / 2c *i dz; 
—al/n 


i=1 


an palvn n/2 
| | 4e~" rdrd@ ‘ 
0 0 
20 7 a2 
/ [rs e" rdrd§ =4n(1—e 7). 


Applying this with a = (8,/e)~! we have 


Ve(Wig(71)) < | are I2"aZ — I(1/8Ve) < (4m)"/? (.- (a-evsemsy)"), 


Thus, 


Now 


n 


gs as 
Vi(Wig(71)) < (4n)"? Re /(64ne)_ 


There is ¢9 > 0 such that the expression on the right-hand side is less than e”/? if 
€ <<€o. This completes the proof of Lemma|[8.9] O 


Putting Lemmas [8.3] and [8.9] together, establishes Proposition [8.2] O 


As we have already remarked, Proposition [8.2] immediately implies Theorem [8-1] 
This completes the proof of Theorem O 





2. Application to compact Ricci flows 


Now let us apply this result to Ricci flows with normalized initial metrics to show 
that they are universally «-non-collapsed on any fixed, finite time interval. In this 
section we specialize to 3-dimensional Ricci flows. We do not need this result in 
what follows for we shall prove a more delicate result in the context of Ricci flows 
with surgery. Still, this result is much simpler and serves as a paradigm of what will 
come. 


THEOREM 8.10. Fix positive constants w > 0 and Tp < co. Then there is k > 0 
depending only on these constants such that the following holds. Let (M,g(t)), 0< 
t<T < Tp, be a3-dimensional Ricci flow with M compact. Suppose that |Rm(p,0)| < 
1 and also that Vol B(p,0,1) > w for allp € M. Then for any tp < T, any r >0 
with r2 < to and any (p,to) € Mx {to}, if |Rm(q, t)| < r~? on B(p, to, r) x [to—r?, to] 
then Vol B(p,to,r) > Kr°. 


PrRooF. Fix any x = (p,to) € M x [0,7]. First, we claim that we can suppose 
that to > 1. For if not, then rescale the flow by Q = 1/to. This does not affect the 
curvature inequality at time zero. Furthermore, there is w’ > 0 depending only on 
w such that for any ball B at time zero and of radius one in the rescaled flow we 


188 8. NON-COLLAPSED RESULTS 


have VolB > w’. The reason for the latter fact is the following: By the Bishop- 
Gromov inequality (Theorem [1.34] there is w’ > 0 depending only on w such that 
for any q € M and any r < 1 we have Vol B(q,0,r) > w’r?. Of course, the rescaling 
increases TJ’, but simply restrict to the rescaled flow on [0, 1]. 

Next, we claim that we can assume that r < /t9/2. If r does not satisfy this 
inequality, then we replace r with r’ = \/to/2. Of course, the curvature inequalities 
hold for r’ if they hold for r. Suppose that we have established the result for r’. 


Then 
r\3 kK 
Vol B(p,T,r) > Vol B(p,T, 1’) > K(r')? > (5) = ar 


From now on we assume that to > 1 and r < \/t/2. According to Proposi- 
tion [4.11 ]for any (p,t) € M x [0,274] we have |Rm(p, t)| < 2 and Vol B(p,t,r) > Kor? 
for all r <1. 

Once we know that |Rm]| is universally bounded on M x [0,274] it follows that 
there is a universal constant C, such that Cy'9(q,0) < g(q,t) < Cig(q,0) for all 
q € M and all t € [0,2~4]. This means that there is a universal constant C < oo 
such that the following holds. For any points go,q € M with do(qo,q) < 1 let Yao,q 
be the path in M x [2-°, 274] given by 


Yao,q(T) — (Ago,q(T); g-4- 7), USFS 7, 


where Ag,q is a shortest g(0)-geodesic from go to g. Then L(Yq,q) < C. 

By Theorem [7.10] there is a point go € M and an L-geodesic yo from x = (p, to) 
to (qo,2-*) with I(yo) < 3/2. Since tg > 1, this means that there is a universal 
constant C’ < oo such that for each point q € B(qo,0,1) the path which is the 
composite of 79 followed by Yqg,q has length at most C’. Setting 7 = to — 27°, this 
implies that 1,(q,7) < C’ for every q € B(qo,0,1). This ball has volume at least 
ko. By Proposition the open subset U,(7) is of full measure in M x {27°}. 
Hence, W(7) = (B(qo,0, 1) x {2-°}) NUz(79) also has volume at least Ko. Since 
r2 <to/4 < 7, Theorem now gives the result. (See Fic. [3}) O 





g(0)-geodesics 
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FIGURE 3. Non-collapsing of Ricci flows. 


M x {to} 


M x {2-4} 


M x {27°} 
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CHAPTER 9 


«k-non-collapsed ancient solutions 


In this chapter we discuss the qualitative properties of k-non-collapsed, ancient 
solutions. One of the most important is the existence of a gradient shrinking soli- 
ton that is asymptotic at —oo to the solution. The other main qualitative result 
is the compactness result (up to scaling) for these solutions. Also extremely im- 
portant for us is classification of 3-dimensional gradient shrinking solitons — up to 
finite covers there are only two: a shrinking family of round $*’s and a shrinking 
family of products of round $?’s with R. This leads to a rough classification of all 
3-dimensional «-non-collapsed, ancient solutions. The «-solutions are in turn the 
models for singularity development in 3-dimensional Ricci flows on compact mani- 
folds, and eventually for singularity development in 3-dimensional Ricci flows with 
surgery. 


1. Preliminaries 


Our objects of study are Ricci flows (IM, g(t)), —oo < t < 0, with each (M, g(t)) 
being a complete manifold of bounded non-negative curvature. The first remark to 
make is that the appropriate notion of non-negative curvature is that the Riemann 
curvature operator 


Rm: A2TM — A2TM, 


which is a symmetric operator, is non-negative. In general, this implies, but is 
stronger than, the condition that the sectional curvatures are all non-negative. In 
case the dimension of M is at most three, every element of \?7'M is represented by a 
2-plane (with area form) and hence the Riemann curvature operator is non-negative 
if and only if all the sectional curvatures are non-negative. In the case of non- 
negative curvature operator, bounded curvature operator is equivalent to bounded 
scalar curvature. 

It follows immediately from the Ricci flow equation that since the (M, g(t)) have 
non-negative Ricci curvature, the metric is non-increasing in time in the sense that 
for any point p € M and any v € T,,M the function vie t) is a non-increasing function 
of t. 

There are stronger results under the assumption of bounded, non-negative cur- 
vature operator. These are consequences of the Harnack inequality (see ). As 
was established in Corollary [4.39] since the flow exists for t € (—oo, 0] and since the 
curvature operator is non-negative and bounded for each (q,t) € M x (—oo, 0], it 
follows that OR(q,t)/Ot > 0 for all g and t. That is to say, for each q € M the scalar 
curvature R(q,t) is a non-decreasing function of t. 
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1.1. Definition. Now we turn to the definition of what it means for a Ricci 
flow to be «-non-collapsed. 


DEFINITION 9.1. Fix « > 0. Let (M, g(t)), a<t< 6, bea Ricci flow of complete 
n-manifolds. Fix r9 > 0. We say that (IM, g(t)) is K-non-collapsed on scales at most 
ro if the following holds for any (p,t) € M x (a,6] and any 0 < r < ro with the 
property that a < t—r?. Whenever |Rm(q,t’)| < r~? for all g € B(p,t,r) and all 
t! € (t—r?,t], then Vol B(p,t,r) > Kr”. We say that (M, g(t)) is k-non-collapsed, or 
equivalently «-non-collapsed on all scales if it is K-non-collapsed on scales at most 
ro for every ro < oo. 


DEFINITION 9.2. An ancient solution is a Ricci flow (IM, g(t)) defined for —oo < 
t < 0 such that for each t, (M,g(t)) is a connected, complete, non-flat Riemannian 
manifold whose curvature operator is bounded and nonnegative. For any « > 0, an 
ancient solution is k-non-collapsed if it is K-non-collapsed on all scales. We also use 
the terminology «-solution for a «-non-collapsed, ancient solution. 


Notice that a «-solution is a «’-solution for any 0 < kK’ < k. 
1.2. Examples. Here are some examples of «-solutions: 


EXAMPLE 9.3. Let (S?, go) be the standard round 2-sphere of scalar curvature 1 
(and hence Ricci tensor go/2). Set g(t) = (1 —t)go. Then 0g(t)/Ot = —2Ric(g(t)), 
—oo <t <0. This Ricci flow is an ancient solution which is «-non-collapsed on all 
scales for any & at most the volume of the ball of radius one in the unit 2-sphere. 


According to a result of Hamilton which we shall prove below (Corollary [9.50): 


THEOREM 9.4. Every orientable, 2-dimensional «-solution is a rescaling of the 
previous example, i.e., is a family of shrinking round 2-spheres. 


EXAMPLE 9.5. Let (5”, go) be the standard round n-sphere of scalar curvature 
n/2. Set g(t) = (1—t)go. This is a «-solution for any «& which is at most the 
volume of the ball of radius one in the unit n-sphere. If I is a finite subgroup of 
the isometries of S” acting freely on S”, then the quotient S”/T inherits an induced 
family of metrics 9(t) satisfying the Ricci flow equation. The result is a «-solution 
for any & at most 1/|I'| times the volume of the ball of radius one in the unit sphere. 


EXAMPLE 9.6. Consider the product $? xR, with the metric g(t) = (1—t)g9+ds?. 
This is a «-solution for any « at most the volume of a ball of radius one in the product 
of the unit 2-sphere with R. 


EXAMPLE 9.7. The quotient S? x R/(v), where the involution v is the product of 
the antipodal map on S? with s ++ —s on the R factor, is an orientable «-solution 
for some kK > 0. 


EXAMPLE 9.8. Consider the metric product (S, 99) x (Sp, ds”) where (Sp, ds”) 
is the circle of radius R. We define g(t) = (1—t)go +ds?. This is an ancient solution 
to the Ricci flow. But it is not «-non-collapsed for any & > 0. The reason is that 


1 
Rm | =] —— 
| (p, | 1 #? 
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and 
Vol (1) B(p, VI = 8) 2 Vol,i)(S? x Sk) _ I2nR(1—t)4n _ 8n?R 


(1 — #)3/2 ~ 4-48/2  — 4-482 ft 


Thus, as t + —oo this ratio goes to zero. 





1.3. A consequence of Hamilton’s Harnack inequality. In order to prove 
the existence of an asymptotic gradient shrinking soliton associated to every k- 
solution, we need the following inequality which is a consequence of Hamilton’s 
Harnack inequality for Ricci flows with non-negative curvature operator. 


PROPOSITION 9.9. Let (M,g(t)), —To <t <0, be an n-dimensional Ricci flow 
such that for each t € [—70,0] the Riemannian manifold (M, g(t)) is complete with 
non-negative, bounded curvature operator. Let rT = —t. Fix a point p © M and let 
x = (p,0) € M x [—7,0]. Then for any0<c<1 and any r < (1—c)7 we have 


< (U+ 26" Mhe(ay7) 
c 


te ger Ol, 
R(q,T) - (se lar) < ae 


where these inequalities hold on the open subset of full measure of M x |[—(1—c)79, 0) 
on which ly is a smooth function. 


| 7 le(4,7))|? + R(q,7) . and 


PROOF. Recall that from Definition we have 


OR R 
H(X) = -S* — * — a(R, X) + 2Ric(X, X). 
OT TT 
Using Hamilton’s Harnack’s inequality (Theorem [4.37] with x = —X, we have 
OR R 





— 2(VR, X) + 2Ric(X, X) > 0. 


OT TT -T 


Together these imply 





(x) > ( : -+)r=—™—p 


T-T7 T T — 70) 
Restricting to 7 < (1 —c)7 gives 


col 


H(X) >-—R. 


T 


Take a minimal £-geodesic from x to (q,7), we have 
(9.1) K"(y) = [tH coar oe [ viRar > —201VFln(q,7)- 
Together with the second equality in Theorem [6.50] this gives 

4F| 7 le(q,7)? = —47R(q,7) + Ale(@,7) - = KT (4) 


< —47 R(q,T) ai Al, (q,7) = 8c i. (¢,7) 
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Dividing through by 47, and replacing 7 with 7 yields the first inequality in the 
statement of the proposition: 
1-426 \i. (a+ 
IVie(qs7)/? + R(g,7) < EE Solar) 
for all 0 < 7 < (1—c)7. This is an equation of smooth functions on the open dense 
subset U(7) but it extends as an equation of L?°-functions on all of M. 


As to the second inequality in the statement, by the first equation in Theorem[6.50| 
we have Ale(q,7) ne i 
2(G,T7) _ — ls(Q.T 
—a_ = R(a,7) + sa 
The estimate on K’ in Equation (9.1) then gives 
_ +e Mle(9,7) — Ale(q7) 
T ~ Or 
This establishes the second inequality. O 


K"(y). 








R(q,T) 





CoROLLARY 9.10. Let (M,g(t)), —coo < t < 0, be a Ricci flow on a complete, 
n-dimensional manifold with bounded, non-negative curvature operator. Fix a point 
peéEM and let x = (p,0) € M x (—0o, 0]. Then for any rT > 0 we have 


3le(q, 
[7 le(a.7))P + R(g,7) < 27), 


_ 2lz(q, 7) < lz (q,T) < la(d7) 


T T T 
where these inequalities are valid in the sense of smooth functions on the open subset 
of full measure of M x {r} on which l, is a smooth function, and are valid as 
inequalities of LP°.-functions on all of M x {r}. 


PRooF. Fix 7 and take a sequence of 7) — oo, allowing us to take c > 1, and 
apply the previous proposition. This gives the first inequality and gives the lower 
bound for Ol,,/O7 in the second inequality. 

To establish the upper bound in the second inequality we consider the path that 
is the concatenation of a minimal £-geodesic y from x to (q,7) followed by the path 
per) =(¢,7') tory’ > +. Then 


lo(Y * Hlfrnj) = wan (co) ot [ V7R(4.7")tr') 


Differentiating at 7, = 7 gives 


la (Y * HL) 
OT 


= —papll) + evTRa) 


_ 12 (9,7) R(q,T) . 


2T 2 
By the first inequality in this statement, we have 


1G) | ROT) © lela.) 

2T 2 a T 
Since Iz(q, 7) < Uy* L\[7,77) for all r' > 7, this establishes the claimed upper bound 
for Ol, /OT. (a 





T1=T 
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2. The asymptotic gradient shrinking soliton for «-solutions 


We fix & > 0 and we consider an n-dimensional «-solution (M, g(t)), —oo <t <0. 
Our goal in this section is to establish the existence of an asymptotic gradient 
shrinking soliton associated to this «-solution. Fix a reference point p € M and 
set x = (p,0) € M x (—co,0]. By Theorem [7.10] for every 7 > 0 there is a point 
q(t) € M at which the function /,(-,7 ) achieves its minimum, and furthermore, we 
have 

le(q(T),7) S 


wl s 


For 7 > 0, define 
1 
ge(t) = =9(Ft), —c0 <t <0. 


Now we come to one of the main theorems about «-solutions, a result that will 
eventually provide a qualitative description of all «-solutions. 


THEOREM 9.11. Let (M,g(t)), —coo < t < 0, be a K-solution of dimension 
n. Fit x = (p,0) € M x (-c,0]. Suppose that {T,}7, is a sequence tend- 
ing to co as k — co. Then, after replacing {TF} by a subsequence, the following 
holds. For each k denote by M; the manifold M, by gx(t) the family of metrics 
GF, (t) on Mz, and by qx € My the point q(T). The sequence of pointed flows 
(Mz, 9x (t), (dx; -1)) defined for t € (—0co,0) converges smoothly to a non-flat based 
Ricci flow (Moo; Joo(t), (Goo; -—1)) defined for t € (—oo,0). This limiting Ricci flow 
satisfies the gradient shrinking soliton equation in the sense that there is a smooth 
function f: Moa x (—00,0) > R such that for every t € (—00,0) we have 
(9.2) Ric,,, (4) + Hess%° (f(t) + =e (t) =0. 

Furthermore, (Moo, 9oo(t)) has non-negative curvature operator, is K-non-collapsed, 
and satisfies OR,,.(x,t)/Ot > 0 for alla € Mx and allt <0. 


See FIG. 


REMARK 9.12. We are not claiming that the gradient shrinking soliton is a kK- 
solution (or more precisely an extension forward in time of a time-shifted version 
of a «-solution) because we are not claiming that the time-slices have bounded 
curvature operator. Indeed, we do not know if this is true in general. We shall 
establish below (see Corollary [9.50] and Corollary [9.53) that in the case n = 2,3, 
the gradient shrinking soliton does indeed have time-slices of bounded curvature, 
and hence is an extension of a «-solution. We are also not claiming at this point 
that the limiting flow is a gradient shrinking soliton in the sense that there is a 
one-parameter family of diffeomorphisms yi: Mx -— Mx, t < 0, with the property 
that |t|y~79o0(—1) = goo(t) and with the property that the y, are generated by the 
gradient vector field of a function. We shall also establish this result in dimensions 
2 and 8 later in this chapter. 


We will divide the proof of Theorem into steps. First, we will show that 
the reduced length and norm of the curvature |Rm| are bounded throughout the 
sequence in some way. Then using the «-non-collapsed assumption, by the compact- 
ness theorem (Theorem [5.15), we conclude that a subsequence of the sequence of 
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space-time 





rescale by 77! 


converge to gradient shrinking soliton 
eg. S?xR 





FIGURE 1. Gradient shrinking soliton. 


flows converges geometrically to a limiting flow. Then, using the fact that the limit 
of the reduced volumes, denoted Vso(Moo x {t}), is constant we show that the limit 
flow is a gradient shrinking soliton. Finally we argue that the limit is non-flat. The 
proof occupies the rest of Section [2} 


2.1. Bounding the reduced length and the curvature. Now let’s carry 
this procedure out in detail. The first remark is that since rescaling does not affect 
the «-non-collapsed hypothesis, all the Ricci flows (Mz, 9;(t)) are «-non-collapsed 
on all scales. Next, we have the effect on reduced volume. 


CLAIM 9.13. For each k > 1 denote by xx, € My the point (p,0) € My. Let 
Ve, r= Ve, (Mz x {r}) denote the reduced volume function for the Ricci flow 
(My, 9x (t)) from the point xz, and let V,(r) denote the reduced volume of M x {r} 
for the Ricci flow (M,g(t)) from the point x. Then 


V,,(7) = Ve(Fer). 


PROOF. This is a special case of the reparameterization equation for reduced 
volume (Lemma [6.75). O 





By Theorem [7.26] the reduced volume function V,(T) is a non-increasing function 
of 7 with lim,_.9V;(7) = (4r)?. Since the integrand for V,(r) is everywhere positive, 
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it is clear that V,.(7) > 0 for all 7. Hence, lim,—sooVe(T) exists. By Corollary 
either this limit as 7 goes to infinity is less than (47)"/? or the flow is the constant 
flow on flat Euclidean space. The latter is ruled out by our assumption that the 
manifolds are non-flat. It follows immediately from this and Claim [9.13] that: 


COROLLARY 9.14. There is a non-negative constant Vso < (4r)"/? such that for 
all rT € (0,00), we have 


(9.3) limp soo Ve,(T) = Voo- 
Now let us turn to the length functions /;,,. 


CLAIM 9.15. For any T > 0 we have 
NT 


nm 
lon (Ges 7) < 372 =e 2" 


ProoF. By the choice of qx we have lz, (qk,Th) < $- By the scale invariance of 
! (Corollary (6.74) we have Iz, (q,,—1) < n/2 for all k. Fix 0 < 7 < 1. Integrating 
the inequality 
—2ls (ax, T) Z Ag, (Mk: 7) 


T OT 
from 7 to 1 yields 
n 
by, Qk» T) < 2’ 


If 7 > 1, then integrating the second inequality in the second displayed line of 
Corollary gives ly, (qn,7) < HB. oO 





COROLLARY 9.16. There is a positive continuous function C1(rT) defined for tT > 0 
such that for any q © My we have: 


2 
ly, (Q,7) S ([tac-nlan ex) ; 


3 3 
[Vlas (q, T)| = = gx (7) (Uke q) + jie (7). 


ProoF. By Corollary 9.10) for any g € My we have |Vlz,(q,7)|? < 3lx,(¢,7)/T- 
Since lz, (@%,T) < zz + Ty, integrating yields 
7 


2 
ly,(@,T) < (Bea-naoe 16x) 


with Ci(r) being \/(n/2r?) + (n7/2). The second statement follows from this and 
Proposition O 


It follows immediately from Corollary that for each A < o6 and 7 > 0, 
the functions /,, are uniformly bounded (by a bound that is independent of k but 
depends on 7) and A) on the balls B(q,,—79, A). Once we know that the l,, are 
uniformly bounded on B(qz,—7, A), it follows from Corollary that Ro, are 
also uniformly bounded on the B(q,,—70, A). Invoking Corollary [4.39] we see that 
for any A < oo the scalar curvatures of the metrics g, are uniformly bounded on 
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Bg, (dk, —T0, A) X (—0o, —T9]. Since the metrics have non-negative curvature opera- 
tor, this implies that the eigenvalues of this operator are uniformly bounded on these 
regions. Since we are assuming that the original Ricci flows are «-non-collapsed on 
all scales, it follows from Theorem [5.15] that after passing to a subsequence there 
is a geometric limit (Moo, goo(t), (oo, -1)), —co < t < —7, which is a Ricci flow 
which is k-non-collapsed on all scales. 

Since this is true for every 79 > 0, by a standard diagonalization argument passing 
to a further subsequence we get a geometric limit flow (Moo, goo(t), (doo, -1)), —co < 
t<0. 

Let us summarize our progress to this point. 


COROLLARY 9.17. After passing to a subsequence of the tT, there is a smooth 
limiting flow of the (Mg, gr (t), (dk; ==) =oo< 71 <0, 


(Moo, Joo(t), (doo; =1)); 


defined for —co <t <0. For every t < 0 the Riemannian manifold (Moo, goo(t)) is 
complete of non-negative curvature. The flow is k-non-collapsed on all scales and 
satisfies OR/Ot > 0. 


PROOF. Since the flows in the sequence are all K-non-collapsed on all scales and 
have non-negative curvature operator, the limiting flow is «-non-collapsed on all 
scales and has non-negative curvature operator. By the consequence of Hamilton’s 
Harnack inequality (Corollary [4.39), we have 0R/0t > 0 for the original «-solution. 
This condition also passes to the limit. O 





2.2. The limit function. The next step in the proof is to construct the lim- 
iting function /,, of the /,, and show that it satisfies the gradient shrinking soliton 
equation. 

By definition of the geometric limit, for any compact connected set K C Mog 
containing q4. and any compact subinterval J of (—co,0) containing —1, for all k 
sufficiently large we have smooth embeddings yy: K — My; sending qo to gp so 
that the pullbacks of the restrictions of the family of metrics g,(t) for t € J to Kk 
converge uniformly in the C-topology to the restriction of g..(t) on K x J. Take an 
exhausting sequence K; x J; of such products of compact sets with closed intervals, 
and pass to a subsequence so that for all k the diffeomorphism vy, is defined on 
Ky, x J. We denote by 1, the pullback of /;, under these embeddings and by h,(t) 
the pullback of the family of metrics g,(t). We denote by V”* the gradient with 
respect to h;(t), and similarly A’* denotes the Laplacian for the metric h;(t). By 
construction, for any compact subset of M,, x (—0o, 0) for all & sufficiently large the 
function J, is defined on the compact set. We use V and A to refer to the covariant 
derivative and the Laplacian in the limiting metric gy. 

Now let us consider the functions /;,. According to Corollary for any 
A < oo and any 0 < 7 < T, both J,;, and |Vl,;,| are uniformly bounded on 
B(q,—1, A) x [-T',—79] independent of k. Hence, the /,, are uniformly Lipschitz 
on these subspaces. Doing this for each A, 7, and T and using a standard diago- 
nalization argument then shows that, after transferring to the limit, the functions 
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I, are uniformly locally bounded and uniformly locally Lipschitz on M,. x (—0o, 0) 
with respect to the limiting metric gq. 

Fix 0 < a < 1. Passing to a further subsequence if necessary, we can arrange 
that the lz, converge strongly in ce to a function |, defined on Mx x (—co,0). 
Furthermore, it follows that the restriction of Ig, is locally Lipschitz, and hence the 
function [49 is an element of Wie (Mx xX (—co,0)). Also, by passing to a further 
subsequence if necessary, we can assume that the J, converge weakly in Wie tO Igo. 


COROLLARY 9.18. For any tT > 0 and any q we have 


3 3 
[Vlso(d T)] S Hg. (—T) door 4) + [Ecu, 
where C\(r) is the continuous function from Corollary [9.16 
PrRooF. This is immediate from Corollary and Fatou’s lemma. O 





REMARK 9.19. N.B. We are not claiming that I. is the reduced length function 
from a point of M,, x (—oo,0). 


2.3. Differential inequalities for /,,. The next step is to establish differential 
equalities for 1, related to, but stronger than, those that we established in Chapter[7] 
for l,. Here is a crucial result. 


PROPOSITION 9.20. The function lx is a smooth function on M x (—oo,0) and 
satisfies the following two differential equalities: 





Oloo 
(9.4) eae ae a 
OT QT 
and 
2 leo —n 
(9.5) 2Aloo — |Wloo|* + R+ = 0. 


The proof of this result is contained in Sections 2.4] through 2.6] 


2.4. Preliminary results toward the proof of Proposition In this 
subsection we shall prove that the left-hand side of Equation (9.4) is a distribution 
and is > 0 in the distributional sense. We shall also show that this distribution 
extends to a continuous linear functional on compactly supported functions in W!?. 

The first step in the proof of this result is the following, somewhat delicate lemma. 


LEMMA 9.21. For any t € (—oo,0) we have 
limp—soo|V"* lil, Avol(hx) = |Vloo|g, dv0l (goo) 
in the sense of distributions on Mx x {t}. 


PrRooF. It suffices to fix 0 < 7 < |t|. The inequality in one direction (>) is a 
general result. Here is the argument. Since the |V%l;,|g, ave uniformly essentially 
bounded on every B(xz,—70, A) x [-T, —70], the |V"*lx|p,, are uniformly essentially 
bounded on B(ao,—70, A) x [-T, —To]. (Of course, V"*l, = dl, = Vix.) Since the 
hy converge uniformly on compact sets to goo, it is clear that 


(9.6) limp soo ([V"*ixlf,,dvol(hx) = [Viel 3... v0 (Goo) = 
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in the sense of distributions on M x {t}. Since the /, converge uniformly on compact 
subsets to Ig, it follows immediately from Fatou’s lemma that 


limp_soo|Ve|7_. dvol (goo) > |Wloo|2_. dvol (goo 
Joo Joo 


in the sense of distributions on M, x {t}. Thus, we have the following inequality 
of distributions: 


limp soolV* lif, dvOl(Ry) > |Vlool? dvol (goo): 


We need to establish the opposite inequality which is not a general result, but 
rather relies on the bounds on A%J;, (or equivalently on A'*],) given in second 
inequality in Theorem [7.13] We must show that for each t < —79 and for any y, a 
non-negative, smooth function with compact support in M, x {t}, we have 


limp soc | ” (V"*Zelf, vol (Ite) = |Vioo|3,..vol(g20) <0. 
Mx {t} 


First, notice that since, on the support of y, the metrics hy, converge uniformly in 
the C™-topology to go. and since Vestal; and |V1..|?_ are essentially bounded on 
the support of vy, we have 


Hii | 0 (|V"*igl}, dvol(h,) — |WlsoI2,,dv0l(4o0)) 
M x{t} 
=e | o(|V™Ig|2, — |Vlool2, )dvol (Fy) 
Mx{t} 
= limgsoo | (VL, — Voc); pV" lk) h, dvol(Ry) 
Mx{t} 
(9.7) + | (Wh, — Vloo), PV loo) ng dvol( hx). 
Mx {t} 


We claim that, in the limit, the last term in this expression vanishes. Using the fact 
that the hy, converge uniformly in the C™-topology to gx. on the support of y, and 
|Vl..| is bounded on this support we can rewrite the last term as 


(9.8) littige a9 | (V (le — loo); PV boo) goo EVOl( Goo). 
M x{t} 


Since 1,—I5. goes to zero weakly in W!? on the support of y whereas |, is an element 
of W! of this compact set, we see that the expression given in vanishes and 
hence that 


ditties i (WV (Ig, — loo), PWloo) in, dv0l(hy) = 0. 
Mx{t} 


It remains to consider the first term in the last expression in Equation (9.7). 
(This is where we shall need the differential inequality for the A%lJ,,,.) Since the l; 
converge uniformly to J, on the support of y, we can choose positive constants €, 
tending to 0 as & tends to oo so that I. — lp + €, > 0 on the support of y. We can 
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rewrite 
timgce ff ((Wh le — Vloc) seVMn) ig dvol( hg) = 
M x{t} 
lime [ (VP (lg — loo — €x), PV ls) ny, VOIR). 
Mx{t} 
CLAIM 9.22. 


lira i (VP (le — loo — €&), PV" 1k) n, dvol(hy) < 0. 
Mx{t} 


PROOF. Since y is a compactly supported, non-negative smooth function, it 
follows from Theorem [7.13] that we have the following inequality of distributions: 





I. —n 
pArel, < . (ivul, —~Ri,-- = ) 


(Here Rp, is the scalar curvature of hy.) That is to say, for any non-negative C°- 
function f we have 


| (7, V"*(p- f)ngdvol(hx) < 
Mx {t} 


lI, — 
| et (iv, i *) dvol(hx). 
Mx{t} 2 T 


We claim that the same inequality holds as long as f is a non-negative, locally 
Lipschitz function. The point is that given such a function f, we can find a sequence 
of non-negative C-functions f, on the support of y (by say mollifying f) that 
converge to f strongly in the W!?-norm on the support of y. The sought-after 
inequality holds for every f;. Since both sides of the inequality are continuous in 
the W!?-norm of the function, the result holds for the limit function f as well. 

Now we apply this with f being the non-negative locally Lipschitz function I4. — 
ly, + €,. We conclude that 


i. (vhs (Ok = lea =), V"*1y,) p,, dvol(hp) < 
Mx{t} 


Led fie ~ 
| Plloo = tis + €x) (Ivul, —Rr,- = *) dvol(hx). 
Mx {t} . 








2 


Now taking the limit as k — oo, we see that the right-hand side of this inequality 
tends to zero since (Ig, — I, + €,) tends uniformly to zero on the support of y and 
|Wre lela» Ry and ly are all uniformly essentially bounded on the support of y. Thus, 
the term 


| (T* ((o(le — loo — €k)), V"* Le) ny dv0 (he) 
Mx{t} 
has a limsup < 0 as k tends to co. Now we expand 
V"* (pli — loo — €x)) = V"*(p) (I = loo — €) + PV" (Ie = loo — €k)- 
The first term on the right-hand side converges to zero as k — oo since Ip — Igg — 


€x tends uniformly to zero on the support of y. This completes the proof of the 
claim. CO 
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We have now established the inequalities in both directions and hence completed 
the proof of Lemma|9.21] O 





LEMMA 9.23. Consider the distribution 


ol 
P= —S4 VL Aig 
OT QT 
on Mx x (—co, 0). Then D extends to a continuous linear functional on the space of 
compactly supported Wt:?-functions on Mo, X (—00,0). Furthermore, if w is a non- 
negative Lipschitz function on Mx Xx (—00,0) with compact support, then D(w) < 0. 


PROOF. Clearly, since the 1; converge uniformly on compact subsets of Ma x 
(—co,0) to 14, and the metrics hy converge smoothly to g.., uniformly on compact 
sets, it follows that the A’*l; converge in the weak sense to Al,. and similarly, 
the Ol;,/Or converge in the weak sense to Ol,./0T. Hence, by taking limits from 
Theorem [7.13] using Lemma 9.21] we see that 
(9.9) p =e si? Rt Aly >0 

OT Qr 
in the weak sense on M x (—o0,0). 

Since R and 5= are C®-functions, it is clear that the distributions given by these 
terms extend to continuous linear functionals on the space of compactly supported 
W?-functions. Similarly, since |VJ.0|? is an element of L®., it also extends to a 
continuous linear functional on compactly supported W'?-functions. Since |O/./OT| 
is an locally essentially bounded function, Ol. /07 extends to a continuous functional 
on the space of compactly supported W!? functions. Lastly, we consider Al... As 
we have seen, the value of the associated distribution on y is given by 


| VY, Vloo) goo EVOl(Joo dT. 
M x (—00,,0) 


Since |VJ..| is a locally essentially bounded function, this expression also extends to 
a continuous linear functional on compactly supported W !?-functions. 

Lastly, if = is an element of W!? with compact support and hence can be approx- 
imated in the W!?-norm by non-negative smooth functions. The last statement is 
now immediate from Equation (9.9). O 





This leads immediately to: 
COROLLARY 9.24. The functional 
pr Dey) 


is a distribution and its value on any non-negative, compactly supported C™ -function 
yp is = 0. 


ProoF. If y is a compactly supported non-negative C™-function, then e~!~p 
is a compactly supported non-negative Lipschitz function. Hence, this result is an 
immediate consequence of the previous corollary. O 
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2.5. Extension to non-compactly supported functions. The next step in 
this proof is to estimate the /,, uniformly from below in order to show that the 
integrals involved in the distributions in Proposition [9.20] are absolutely convergent 
so that they extend to continuous functionals on a certain space of functions that 
includes non-compactly supported functions. 


LEMMA 9.25. There is a constant cy > 0 depending only on the dimension n such 
that for any p,q € My we have 


d-_,)(P, 4) 
ba, (D7) = =len(q;7) =i + qo 


PROOF. Since both sides of this inequality and also Ricci flow are invariant if 
the metric and time are simultaneously rescaled, it suffices to consider the case when 
7 =1. Also, since U/,(1) is a dense subset, it suffices to assume that p,q € U,(1). 
Also, by symmetry, we can suppose that I, (q,1) < lz, (p, 1). 

Let 7 and 72 be the minimizing £-geodesics from x to (p,1) and (q,1) respec- 
tively. We define a function f: My x Mx x [0,00) — R by 


f(a, 6,7) = dg, (_,)(@, 6). 
Since 71(0) = y2(0) we have 


dz,(-1)(p,4) = f(p,a,1) 


[é © Fon(r)sr2(7),7)dr 


[Loner nen + of) 
0 


(9.10) +(V fo, ¥(T))) dr, 


where V,f and V,f refer respectively to the gradient of f with respect to the first 
copy of M;, in the domain and the second copy of M; in the domain. Of course, 
IV fa| = 1 and |V {| = 1. 


By Corollary we have 7}(7) = Vlx,(71(7),7) and ¥4(7) = Vle, (y2(7), 7). 
Since R > 0 we have 


ley, ("1 (7), T)= (v1) = ala, (p, I). 


1 
a Ly, (%lfo,7) S a Lop Vt 


Symmetrically, we have 
1 
lay (Ye (r), T) < valts (q, 1). 
From this inequality, Corollary |9.10} and the fact that R > 0, we have 


[(Vfa(m(r), 22(7),7), 17)! < Ii(7)| = [Vlex (11 (7), 7)| 
v3 


“3/4 ly, (p, 1) 


V3 


73/4 


A 


IA 


(9.11) 


IA 


L,,(p,1) +1. 
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Symmetrically, we have 


(0.12) [Alaa ral). 6M) < Serta <2 yin) +1 


It follows from Corollary that for any p 


Vy/t(7))I < io 


Set ro(r) = 79/4 (le, (q, 1) +1) /?. For any p! € By, (y1(7),7,70(7)) integrating gives 


V3 _ V3 
PO7) < BP Calr)s7) + role) < [r+ AEA) tog.) +4, 


where in the last inequality we have used the fact that 1 < lz, (q,1)+1 < lz, (p, 1) +1. 
Again using Corollary we have 


2 
3 3 
R(p’,T) < . ee a Boi) (larg (p, 1) = 1). 


Now consider gq’ € Bg,(7)(72(T),7,70(T)). Similarly to the above computations, we 
have 





BP .2) < BP Ca1) + Erol) 
so that 
nP(d,7) < (ru Sov ‘ Ing (1) +1, 
and j 
|Rie(q',7) < R(q',r) < = (- + Bei) (Lx, (4, 1) + 1). 
We set 


2 
3 3 
= (-¥ me Buu) (In, (Qs 1) + 2). 


Now, noting that 0/07 here is —O/0t of Proposition we apply Proposi- 
tion to see that 


IA 





201) (go Kral) +ro(r)) 


(Cir + Cor7i/4 + Cyr'/4) le, (q, 1) a 1, 


S fon(r).2(7)-7) 


IA 


where C1, Co, C3 are constants depending only on the dimension n. 
Now plugging Equation (9.11) and (9.12) and the above inequality into Equa- 
tion (9.10) we see that 


1 
dy—1 (p,q) < j. ( (cur +Oor M44 Cyr'/4) le, (G1) +1 
0 


Br le Gly bea 8r i ay 1) i) dr. 
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This implies that 


dg—1) (Pp, 9) < C Coxe 1) + 1+ 4/ly, (9,1) + i) ; 


for some constant depending only on the dimension. Thus, since we are assuming 
that lz, (p,1) > lz, (q,1) we have 


di _1) (p, q) < CO (3(lx, (p, 1) a 1) + Clg, (q, 1) + 1)) < 4C? (Lp, (p, 1) +1+ te (q, 1)), 


for some constant C' < oo depending only on the dimension. The result now follows 





immediately. O 
COROLLARY 9.26. For any qd’ € M and any 0 <7) < 7’ we have 
/ 
a) nm a dg2 (7) (Gk q) 
lx,(q',7') 2 ic 


where c, is the constant from Lemma[9.2a1 


ProoF. By Claim [9-15] 
/ 


i n nT 
log (Qe. T ) S Are “ 5 


Now applying Lemma we see that for any 0 < 7’ and any q’ € My we have 





/ d? (qk, ’) 
ror n NT gk(—T') NAR? 
ly.(q,7) = Ir Sie. 
eS os nt" —-l+cq 5, (—m) (Thr 1) 
2(r’)? 2 et , 
In the last inequality, we use the fact that the Ricci curvature is positive so that 
the metric is decreasing under the Ricci flow. O 


Since the time slices of all the flows in question have non-negative curvature, by 
Theorem [I.34]the volume of the ball of radius s is at most ws” where w is the volume 
of the ball of radius one in R”. Since the J, converge uniformly to /,, on compact 
sets and since the metrics hz converge uniformly in the C’°-topology on compact 
sets tO goo, it follows that for any € > 0, for any 0 < 7 <7’ < oo there is a radius r 
such that for every k and any 7 € [70,7’] the integral 


| ek dg <e. 
Mx\Bny,(—19) (We?) 


It follows by Lebesgue dominated convergence that 


| ec! (47) dg < €. 
Moo\Bgao(—19) (doo) 


CLAIM 9.27. Fix a compact interval [—T,—T 9] C (—00,0). Let f be a locally 
Lipschitz function that is defined on Mx x[—T, —To| and such that there is a constant 
C with the property that f(q,7') by C times max(l..(q,7’), 1) . Then the distribution 
D, = fe-'= is absolutely convergent in the following sense. For any bounded smooth 
function y defined on all of Mx x|—T, —T9] and any sequence of compactly supported, 
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non-negative smooth functions Wz, bounded above by 1 everywhere that are eventually 
1 on every compact subset, the following limit exists and is finite: 


limp .coP 1 (YY). 


Furthermore, the limit is independent of the choice of the w;, with the given proper- 
ties. 


PrRooF. It follows from the above discussion that there are constants c > O anda 
ball B C M. centered at qo. such that on Mx x [—T, —7 9] \ B x [7, —70] the function 
long is greater than cd? (1p) (doo: -)—C’. Thus, fe! has fixed exponential decay 
at infinity. Since the Riemann curvature of M, x {7’} is non-negative for every 
tr’, the flow is distance decreasing, and there is a fixed polynomial upper bound 
to the growth rate of volume at infinity. This leads to the claimed convergence 
property. O 





COROLLARY 9.28. The distributions |Vloo|2e—'~, Re~'~, |(Oloo/OT)|e~" are ab- 
solutely convergent in the sense of the above claim. 


Proor. By Corollary [9.10] each of the Lipschitz functions |Vlo0|?, |Oloo/OT| 
and R is at most a constant multiple of /,,. Hence, the corollary follows from the 
previous claim. oO 





There is a slightly weaker statement that is true for Ae~!~. 


CLAIM 9.29. Suppose that yp and yy are as in Claim[9.2% but in addition p and 
all the Wy, are uniformly Lipschitz. Then 


limp_.o6 | yur,Ae's dvolg,, 
Moo 
converges absolutely. 


PROOF. This time the value of the distribution on a compactly supported smooth 
function p is given by the integral of 


—(Vp, Ve ©) = (Vp, Vig je =. 
Since |VI..| is less than or equal to the maximum of 1 and |Vl.0|?, it follows im- 


mediately, that if |V| is bounded, then the integral is absolutely convergent. From 
this the claim follows easily. O 





COROLLARY 9.30. Fit 0 < 7 < ™| < co. Let f be a non-negative, smooth 
bounded function on Mx X |[T0,71| with (spatial) gradient of bounded norm. Then 


T1 
/ | (> Vio ae Alm fre! dvolg..dr > 0. 
To JMox{-T} Or 27 

ProoF. For the interval [79, 7’] we construct a sequence of uniformly Lipschitz 
functions wz on M. x [1,7'| that are non-negative, bounded above by one and 
eventually one on every compact set. Let p(a) be a smooth bump function which is 
one for x less than 1/4 and is zero from x > 3/4 and is everywhere between 0 and 
1. For any k sufficiently large let ~, be the composition of p(dy,,(—1) (doo, +) — f)- 
Being compositions of p with Lipschitz functions with Lipschitz constant 1, the wx 
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are a uniformly Lipschitz family of functions on Mx x {—7)}. Clearly then they 
form a uniformly Lipschitz family on M, x [70,7’] as required. This allows us to 
define any of the above distributions on Lipschitz functions on My x [70,7’J. 

Take a family ~#, of uniformly Lipschitz functions, each bounded between 0 and 
1 and eventually one of every compact subset of Moo x [7,71]. Then the family fu, 
is a uniformly Lipschitz family of compactly supported functions. Hence, we can 
apply Claims [9.27] and [9.29] to establish that the integral in question is the limit of 
an absolutely convergence sequence. By Corollary [9.24] each term in the sequence is 
non-positive. O 


2.6. Completion of the proof of Proposition Lebesgue dominated 
convergence implies that the following limit exists 


limp—sooVz(T) = Voo(T) = | 7 M2@—beo(G7) dvolg_ (7): 
Mxx{-T} 





By Corollary [9-14] the function tT > Vo. (7) is constant. On the other hand, note 
that for any 0 < 7 < 7] < oo, we have 


wy 1 dV, 
Veo) = Vo0 (To) = / ar dr 
TO 


ie Ol n 
— palace = = —n/2 —loo (4,7) 
A i ( 37 R+ ~) (7 e€ dv0lg..(r)) : 


According to Corollary this is an absolutely convergent integral, and so this 
integral is zero. 





CLAIM 9.31. 


TY 
/ | Ae '~ dvolg,,dT 
TO Mx x{-T} 


PROOF. Since we are integrating against the constant function 1, this result 
is clear, given the convergence result, Corollary necessary to show that this 
integral is well defined. O 


TL 
i i (|Vloo|? — Aloo) e~!° dvoly,, ar 
To J Moox{-T} 
= 0. 





Adding these two results together gives us the following 


T1 1 
(9.13) doo 4 |Vloo? — R+  — Aloo ) 77/27" dvoly,. = 0. 
70 M co X{—T} OT QF ae 


Now let y be any compactly supported, non-negative smooth function. By scaling 
by a positive constant, we can assume that y < 1 everywhere. Let D denote the 
distribution given by 


~ as ae 
D(y) = / | g Gs Hvis Re Aln) 72 ¢-loodvolg,.. 
TO oo X{—T} Tr 2T 


Then we have seen that D extends to a functional on bounded smooth functions of 
bounded gradient. Furthermore, according to Equation (9.13), we have D(1) = 0. 
Thus, 

0 = D(1) = D(y) + D(1 — ¥). 
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Since both y and 1 — ¢ are non-negative, it follows from Corollary [9.30] that D(y) 
and D(1—) are each > 0. Since their sum is zero, it must be the case that each is 
individually zero. 

This proves that the Inequality (9.9) is actually an equality in the weak sense, 
i.e., an equality of distributions on Mz. x [79,7'). Taking limits we see: 


. = eee: 66 = Se Aloo —n/2 loo = 

(9.14) D ( 7 + |Vlo|“ —R+ = ) T e€ 0, 

in the weak sense on all of M x (—oo,0). Of course, this implies that 
Oloo 


ss lal = a. ae 
a, IV | Rt+ > l 0 


in the weak sense. 

It now follows by parabolic regularity that 1, is a smooth function on M, x 
(—oo, 0) and that Equation holds in the usual sense. 

Now from the last two equations in Corollary [6.51)and the convergence of the l;,, 
to I5,, we conclude that the following equation also holds: 


= Th 


(9.15) 2Alog — |Vloo|? +R + ics =0. 





e 
This completes the proof of Proposition [9.20 


2.7. The gradient shrinking soliton equation. Now we return to the proof 
of Theorem We have shown that the limiting Ricci flow referred to in that 
result exists, and we have established that the limit /,, of the length functions l;, is a 
smooth function and satisfies the differential equalities given in Proposition[9.20] We 
shall use these to establish the gradient shrinking soliton equation, Equation (9.2), 
for the limit for f = loo. 


PROPOSITION 9.32. The following equation holds on My. x (—00,0): 
1 


Ricg..(¢) + Hess? (4 (1,,(-,7)) — 5, 9 (t) = 0, 


where T = —t, 
ProoF. This result will follow immediately from: 

LEMMA 9.33. Let (M,g(t)), O<t<T, be an n-dimensional Ricci flow, and let 
f: M x [0,T] — R be a smooth function. As usual set T = T —t. Then the function 
u = (4nr)~2e7f 

satisfies the conjugate heat equation 


— St Aut Ru=0, 


if and only if we have 


Of 9 no 
3 TOF IVE +Rh-7-=0. 


Assuming that u satisfies the conjugate heat equation, then setting 


v= [7 (2Af —|Vf\?+R)+f-—nju, 


2. THE ASYMPTOTIC GRADIENT SHRINKING SOLITON FOR «-SOLUTIONS 209 


we have 
Ov 1 2 
— — Av+ Ru = —2r|Ric, + Hess9(f) — —g]"u 
ot | ar (f) me 
Let us assume the lemma for a moment and use it to complete the proof of the 
proposition. 
Ls apply the lemma to the limiting Ricci flow (M.o, 9o0(t)) with the function 
f = lx. According to Proposition [9.20] and the first statement in Lemma [9.33] 
the function u satisfies the conjugate = equation. Thus, according to the second 
statement in Lemma|9.33} setting 


v= [7 (2Af-|VfP?+R)+f—nju 





we have 


a 1 
— shee Res —2r|Ricg + Hess(f) — glu 
os 2T 


On the other hand, the second equality in Proposition 9.20] shows that v = 0. Since 


u is nowhere zero, this implies that 


il 
Rieg,. + Hess?( 7) — 379" = 0. 


This completes the proof of the proposition assuming the lemma. O 





Now we turn to the proof of the lemma. 


Proor. (of Lemma[9.33) Direct computation shows that 


Ou _ Of 2 
— 5p 7 Aut Ru= (-$+f+ar-vs +R)u 


From this, the first statement of the lemma is clear. Let 
H = [rQAf—|Vf?+R)+f-nl 
so that v = Hu. Then, of course, 


Ov OH Ou 
BE OL ut He and 


Av = AH -u+2(VG, Vu) + HAu. 


Since u satisfies the conjugate heat equation, we have 


-p Av + Rv = (- es - AH) u-2(VH,Vu). 


ot “Ot 
Differentiating the definition of H yields 
OH 9 Of aN OR 
(9.16) a = (RAF IVE r+ har (ata en Saver y+ =) 
CLAIM 9.34. 
0 Of 
Rat = A(— At ) + 2(Ric, Hess(f)). 


210 9. k-NON-COLLAPSED ANCIENT SOLUTIONS 


PROOF. We work in local coordinates. We have 
Af = 9 ViNgf = 99 (0:0;f —THOkf), 


so that from the Ricci flow equation we have 





0 es a) 
—_ — ied od 7 . 
mot 2Ric” Hess(f)ij +9 a (Hess(f);;) 

= 2Ric’/Hess(f);; + g'? Hess EY J! lat On f 

ay g Ot 7 at kJ + 


Since the first term is 2(Ric, Hess(f)) and the second is ii), to complete the proof 
of the claim, we must show that the last term of this equation vanishes. In order to 
simplify the computations, we assume that the metric is standard to second order 
at the point and time under consideration. Then, using the Ricci flow equation, the 
definition of the Christoffel symbols in terms of the metric, and the fact that g;; is 
the identity matrix at the given point and time and that its covariant derivatives in 
all spatial directions vanish at this point and time, we get 
ij ory — kl ij : : : 
ie (—(VjRic)4 — (ViRic)yj; + (ViRic);;) . 


This expression vanishes by the second Bianchi identity (Claim [L.5). This completes 
the proof of the claim. O 





We also have 


a) a) 
alVil) = 2Ric(Vf, Vf) + VF vy). 


(Here Vf is a one-form, which explains the positive sign in the Ricci term.) 
Plugging this and Claim [9.34] into Equation (9.16) yields 


oH ; af 
ae API Shee. 
ad (a(Ric, Hess) ~ onc — IRic(VF, Vf) - vt ve) in =) . 
Also, 


AH =Af +7 (2A?f — A(VF|?) + AR). 


Since wu satisfies the conjugate heat equation, from the first part of the lemma we 
have 


Of 


(9.17) ap = TAT IVfl? — R4 





n 
QT 
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Putting all this together and using the Equation (8.7) for OR/Ot yields 


ar + AH = —af+|veP+ 2 —R 
+7 (4(Ric, Hess(f)) + ancl OA FoR Vi, VT) 


MViP\= ave, Vf) + 2AR + 2|Ric|”) 


= APL + ie R+7(4(Ric, Hess(f)) + 2A(|Vf|? — R) 


at 
—2Ric(VF, VF) — AUV FI?) - vot 


= -Af+ |Vfl?+ of ~—R+7/4 (Ric, Hess(f)) + A(|V f|?) 


—2Ric(V f, Vf) + og (Af), Vf) — AV (IVF), VE) 
+2(VR,Vf) + 2|Ric)?| 


, Vf) + 2AR + 2|Ric|*) 


Similarly, we have 


2(Vu, VHA) _otV VE) 
U 
= -2Vf|? —27(VfF, (V(2Af) —|VFP? + R)) 
= -AIVF?—7 (AVS, V(AS)) — AVF, VIVE?) + (VF, VR)) - 
Thus, 
OF Kg ON 2s —af— |r + 2 — r+7[4(Ric, Hess(f)) 
Ot U Ot 


+A(|Vf|?) — 2Ric(V f, Vf) + 2|Ric|? 
Vf, V(Af))]. 
CLAIM 9.35. The following equality holds: 
A(\Vf?) = AV(Af), VF) + 2Ric(V f, Vf) + 2|Hess(f)/?, 
PROOF. We have 
A(IV FP?) = AVF, VF) = Aldf, df) = 2(Adf, df) + 2(Vdf, Vf). 


The last term is |Hess(f)|?. According to Lemma we have Adf = d(Af) + 
Ric(Vf,-). Plugging this in gives 


A(|V fl?) = 2(d(Af), df) + 2(Ric(Vf,-), df) + 2|Hess(f)|?, 


which is clearly another way of writing the claimed result. O 





Using this we can simplify the above to 


OH ng , AVuVH) 
Ot U 


—\veP +f —R 


es (Ric, Hess(f . + 2\Hess(f)|? + 2|Ric|*) 
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Now using Equation (9.17]) we have 


A 2 A 
OF eng EVE 2 ghpaons™ 
ot u 2T 
+7 (4(Ric, Hess(f)) + 2\Ric|? + 2|Hess( f)|”) 
= 2r(2(Ric, Hess(f)) + |Ric|? + |Hess(f)|? 
ee) 
< 7 Ar? 
1 2 
= 2 H cereee 
t|Ric + ess(f) a | 
aaa a OH 2(Vu, VH 
2 hp pg S| Oe ED 
Ot Ot u 
this proves the lemma. O 





At this point, setting f = I.., we have established all the results claimed in 
Theorem [9.11] except for the fact that the limit is not flat. This we establish in the 
next chapter. 


2.8. Completion of the proof of Theorem To complete the proof of 
Theorem [9.11] it remains to show that for no t € (—co,0) is (Moo, goo(t)) flat. 


CLAIM 9.36. If, for some t € (—o0,0), the Riemannian manifold (Moo, Joo(t)) is 
flat, then there is an isometry from R” to (Moo, goo(t)) and the pullback under this 
isometry of the function loo(x,T) is the function |x|?/47 + (a,a) +b-7 for some 
a€ R” andbeR. 


Proor. We know that f = 1..(-,7) solves the equation given in Lemmal/9.33)]and 
hence by the above argument, f also satisfies the equation given in Proposition[9.32 
If the limit is flat, then the equation becomes 

Hess(f) = = a: 
2T 
The universal covering of (Moo, 9o0(t)) is isometric to R”. Choose an identification 
with R”, and lift f to the universal cover. Call the result f. Then 7 satisfies 
Hess(f) = “9, where g is the usual Euclidean metric on R”. This means that 
S \a|?/47 is an affine linear function. Clearly, then a is not invariant under any 
free action of a non-trivial group, so that the universal covering in question is the 
trivial cover. This completes the proof of the claim. O 





If (Moc, 9oo(t)) is flat for some t € (—oo,0), then by the above (Myo, goo (t)) is 
isometric to R”. According to Theorem this implies that Vao(r) = (4m)"/?. 
This contradicts Corollary [9.14] and the contradiction establishes that (Mo, goo (t)) 
is not flat for any t < 0. Together with Proposition [9.32] this completes the proof 
of Theorem [9.11] namely of the fact that (Moo, 9oo(t)), —co < t < 0, is a non-flat, 
k-non-collapsed Ricci flow with non-negative curvature operator that satisfies the 
gradient shrinking soliton equation, Equation (9.2). 

To emphasize once again, we do not claim that (Moo, goo(t)) is a K-solution, since 
we do not claim that each time-slice has bounded curvature operator. 
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3. Splitting results at infinity 


3.1. Point-picking. There is a very simple, general result about Riemannian 
manifolds that we shall use in various contexts to prove that certain types of Ricci 
flows split at infinity as a product with R. 


LEMMA 9.37. Let (M,g) be a Riemannian manifold and let p € M andr > 
0 be given. Suppose that B(p,2r) has compact closure in M and suppose that 
f: B(p,2r) x (—2r,0] — R is a continuous, bounded function with f(p,0) > 0. 
Then there is a point (q,t) € B(p,2r) x (—2r,0] with the following properties: 
(1) f(9,t) 2 f(p, 0). 
(2) Setting a = f(p,0)/f(qg,t) we have d(p,q) < 2r(1—a) andt > —2r(1—a). 
(3) f(d,t’) < 2f(q,t) for all (q,t’) € B(q, ar) x (t- ar,t]. 


PRoor. Consider sequences of points zp = (p,0),%1 = (1, t1),..., 2%; = (pj, ty) 
in B(p, 2r) x (—2r,0] with the following properties: 


(1) f(xi) = 2f(@i-1); . 
(2) Setting r; = rf(xo)/f(xj_-1), then 7; < 2‘~'r, and we have that 


VE Bip = %) x cea _ Peta |: 


Of course, there is exactly one such sequence with j = 0: it has xo = (p,0). 
Suppose we have such a sequence defined for some j > 0. If follows immediately 
from the properties of the sequence that f(p;,t;) > 2’ f(p, 0), that 


t; >—r(L+2-t+--.4+2'%), 
and that rj41< 2-Jr. It also follows immediately from the triangle inequality that 
d(p,pj) <r(1+27'+---+2'-J). This means that 
B(pj, 7541) x (t; _ Tait; | Cc B(p, 2r) x (—2r, 0]. 


Either the point x; satisfies the conclusion of the lemma, or we can find 741 € 
B(p;,7j41) X (tj — r741,t;] with f(x;41) > 2f(x;). In the latter case we extend our 
sequence by one term. This shows that either the process terminates at some j, in 
which case x; satisfies the conclusion of the lemma, or it continues indefinitely. But 
it cannot continue indefinitely since f is bounded on B(p, 2r) x (—2r, 0]. O 





One special case worth stating separately is when f is independent of t. 


COROLLARY 9.38. Let (M,g) be a Riemannian manifold and let p € M and 
r > 0 be given. Suppose that B(p,2r) has compact closure in M and suppose that 
f: B(p,2r) — R is a continuous, bounded function with f(p) > 0. Then there is a 
point q € B(x,2r) with the following properties: 


(1) f(a) = f(p). 
(2) Setting a = f(p)/f(q) we have d(p,q) < 2r(1— a) and f(q') < 2f(q) for 
all d’ € B(q, ar). 


ProoFr. Apply the previous lemma to f: B(p,2r) x (—2r,0] — R defined by 
f(p,t) = f(p). Oo 
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3.2. Splitting results. Here we prove a splitting result for ancient solutions 
of non-negative curvature. They are both based on Theorem [5.35] 


PROPOSITION 9.39. Suppose that (M,g(t)), —co < t < 0, is a K-non-collapsed 
Ricci flow of dimension} n <3. Suppose that (M,g(t)) is a complete, non-compact, 
non-flat Riemannian manifold with non-negative curvature operator for each t. Sup- 
pose that OR(q,t)/Ot > 0 for allq € M and allt < 0. Fiz p € M. Suppose that 
there is a sequence of points p; © M going to infinity with the property that 


Then there is a sequence of points q; € M tending to infinity such that, setting 
Q; = R(q@,—1), we have lim;_...d7(p,q)Q; = 0c. Furthermore, setting g;(t) = 
Qig(Q; (t+ 1) —1), the sequence of based flows (M, g;(t), (qi, -1)), -oo <t<-1, 
converges smoothly to (N"—!, h(t)) x (IR, ds”), a product Ricci flow defined for —oo < 
t<—-1 with (N"~!,h(-1)) being non-flat and of bounded, non-negative curvature. 


COROLLARY 9.40. There is no two-dimensional flow satisfying the hypotheses of 
Proposition |9.39 


PROOF. (of Proposition [9.39) Take a sequence p; € M such that 
dy(1)(P, Pi) (pi, —1) — 00 


as i — oo. We set dj = d,_1)(p,pi) and we set B; = B(p;,—1,d;/2), and we let 
f: B; — R be the square root of the scalar curvature. Since (IM, g(—1)) is complete, 
B; has compact closure in M, and consequently f is a bounded continuous function 
on B;. Applying Corollary [9.38] to (B;,g(—1)) and f, we conclude that there is a 
point q; € B; with the following properties: 

(1) R(q,—-1) 2 R(pi, -1) 

(2) By = Bg, -1, (i R(pi, -1)/?)/(4R@, ts?) C B(pi, -1, di/2). 

(3) R(q’,—-1) < 4R(q:,—1) for all (g’,—1) € Bi. 
Since dg_1)(p,qi) = di/2, it is also the case that de (4) (P, qi)R(q,—1) tends to 
infinity as 7 tends to infinity. Because of our assumption on the time derivative of 
R, it follows that R(q’,t) < 4R(q;,—1) for all q’ € Bi and for all t < —1. 

Set Q; = R(q;,-1). Let M; = M, and set x; = (q,—1). Lastly, set g;(t) = 
Qig(Q; ‘(t+1)—1). We consider the based Ricci flows (Mj, gi(t),#:), —oo <t < -1. 
We see that R,,(q’,t) < 4 for all (q’,t) € Bg,(qi,-1, 4; R(pi, -1)/2/4) x (—00, -1]. 
Since the original Ricci flows are k-non-collapsed, the same is true for the rescaled 
flows. Since d;R(p;,—1)!/?/4 — 00, by Theorem there is a geometric limit 
flow (Moo, Joo(t), (doo, -1)) defined for t € (—oo,—1]. Of course, by taking limits 
we see that (Moo, 9o0(t)) is K-non-collapsed, its scalar curvature is bounded above 
by 4, and its curvature operator is non-negative. It follows that (Moo, 9oo(t)) has 
bounded curvature. 

To complete the proof we show that the Ricci flow (Moo, goo(t)) splits as a product 
of a line with a Ricci flow of one lower dimension. By construction (Moo, goo (—1)) 
is the geometric limit constructed from (M,g(—1)) in the following manner. We 


lThis result in fact holds in all dimensions. 
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have a sequence of points gq; tending to infinity in M and constants A; = R(q,—1) 
with the property that did2_1)(D, qi) tending to infinity such that (Moo, goo(—1)) 
is the geometric limit of (M,\;g(—1),q@). Thus, according to Theorem [5.35] the 
limit (Moo, 9o0(—1)) splits as a Riemannian product with a line. If the dimension 
of M, is two, then this is a contradiction: We have that (Mx.,9o0(—1)) splits 
as the Riemannian product of a line and a one-manifold and hence is flat, but 
R(doo,—-1) = 1. Suppose that the dimension of M,, is three. Once we know that 
(Msc; Joo(—1)) splits as a product with a line, it follows from the maximum principle 
(Corollary that the entire flow splits as a product with a line, and the Ricci 
flow on the surface has strictly positive curvature. O 





4. Classification of gradient shrinking solitons in dimensions 2 and 3 


In this section we fix « > 0 and we classify all «-solutions (M, g..(t)), —oo <t< 
0, that satisfy the gradient shrinking soliton equation at the time-slice t = —1 in the 
sense that there is a function f: M — R such that 


1 
(9.18) Ricg,.(—1) + Hess%') (f) — 59e0(—1) = 0. 


This will give a classification of the two- and three-dimensional asymptotic gradient 
shrinking solitons constructed in Theorem [9.1]] 

Let us give some examples in dimensions two and three of ancient solutions that 
have such functions. It turns out, as we shall see below, that in dimensions two 
and three the only such are compact manifolds of constant positive curvature — i.e., 
Riemannian manifolds finitely covered by the round sphere. We can create another, 
non-flat gradient shrinking soliton in dimension three by taking (7, g_1) equal to 
the product of ($”,h_1), the round sphere of Gaussian curvature 1/2, with the real 
line (with the metric on the real line denoted ds”) and setting g(t) = |t/h_1 + ds? 
for all t < 0. We define f: M x (—00,0) — R by f(p,t) = s?/4|t| where s: MR 
is the projection onto the second factor. Then it is easy to see that 


; 1 
Ricg¢r) + Hess" (f) — ke = 0, 


so that this example is a gradient shrinking soliton. There is a free, orientation- 
preserving involution on this Ricci flow: the product of the sign change on R with 
the antipodal map on S$”. This preserves the family of metrics and hence there is an 
induced Ricci flow on the quotient. Since this involution also preserves the function 
f, the quotient is also a gradient shrinking soliton. These are the basic 3-dimensional 
examples. As the following theorem shows, they are all the k-non-collapsed gradient 
shrinking solitons in dimension three. 

First we need a definition for a single Riemannian manifold analogous to a defi- 
nition we have already made for Ricci flows. 


DEFINITION 9.41. Let (W, g) be an n-dimensional complete Riemannian manifold 
and fix « > 0. We say that (M,g) is K-non-collapsed if for every p € M and any 
r > 0, if |Rm,| < r~? on B(p,r) then Vol B(p,r) > Kr”. 


Here is the theorem that we shall prove: 
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THEOREM 9.42. Let (M,g) be a complete, non-flat Riemannian manifold of 
bounded non-negative curvature of dimension 2 or 3. Suppose that the Riemann- 
ian manifold (M,g) is K-non-collapsed. Lastly, suppose that there is a C*-function 
f: M—R such that 

Ric, + Hess9(f) = 5 
Then there is a Ricci flow (M,G(t)), —oo < t < 0, with G(-1) = g and with 
(M, G(t)) isometric to (M, |t\g) for every t < 0. In addition, (M,G(t)) is of one of 
the following three types: 
(1) The flow (M,G(t)), —co<t <0, is a shrinking family of compact, round 
(constant positive curvature) manifolds. 
(2) The flow (M,G(t)), —oo < t < 0, ts a product of a shrinking family of 
round 2-spheres with the real line. 
(3) (MM, G(t)) is isomorphic to the quotient family of metrics of the product of 
a shrinking family of round 2-spheres and the real line under the action of 
an isometric involution. 


Now let us begin the proof of Theorem [9.42] 


4.1. Integrating Vf. Since the curvature of (M,g) is bounded, it follows im- 
mediately from the gradient shrinking soliton equation that Hess?(f) is bounded. 
Fix a point p € M. For any q € M let 7(s) be a minimal geodesic from p to q 
parameterized at unit length. Since 


< (\Vf(4(s))|)? = 2(Hess(f)(7/(s), VE (7(s))); 
it follows that 
£ (IV F(a) $C, 
where C is an upper bound for |Hess(f)|. By integrating, it follows that 


IVF(a)| < Cdg(p, 4) + IVF(P)I- 
This means that any flow line A(t) for Vf satisfies 


< dy(p, A(t)) < Cdg(p, A(t) + |VF(p)|, 


and hence these flow lines do not escape to infinity in finite time. It follows that 
there is a flow ®,: M — M defined for all time with ®) = Id and 06;/0t = Vf. 
We consider the one-parameter family of diffeomorphisms ®_j gj): MM — M and 
define 


We compute 
OG * * g * : : 
an —@) 9 + 2®) yyHess?(f) = —2),)Ric(g) = —2Ric(G(¢)), 


so that G(t) is a Ricci flow. Clearly, every time-slice is a complete, non-flat manifold 
of non-negative bounded curvature. It is clear from the construction that G(—1) = g 
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and that (IM, G(t)) is isometric to (M, |t|g). This shows that (V/,g) is the —1 time- 
slice of a Ricci flow (M,G(t)) defined for all t < 0, and that, furthermore, all the 
manifolds (M,G(t)) are equivalent up to diffeomorphism and scaling by |t|. 


4.2. Case 1: M is compact and the curvature is strictly positive. 


CLAIM 9.43. Suppose that (M,g) and f: M — R satisfies the hypotheses of 
Theorem|9.42| and that M is compact and of positive curvature. Then the Ricci flow 
(M, G(t)) with G(-1) = g given in Equation (9.19) is a shrinking family of compact 
round manifolds. 


Proor. The manifold (M,G(t)) given in Equation (9.19) is equivalent up to 
diffeomorphism and scaling by |t| to (M,g). If the dimension of M is three, then 
according to Hamilton’s pinching toward positive curvature result (Theorem [4.23), 
the Ricci flow becomes singular in finite time and as it becomes singular the metric 
approaches constant curvature in the sense that the ratio of the largest sectional 
curvature to the smallest goes to one. But this ratio is invariant under scaling 
and diffeomorphism, so that it must be the case that for each ft, all the sectional 
curvatures of the metric G(t) are equal; i.e., for each t the metric G(t) is round. If 
the dimension of M is two, then the results go back to Hamilton in [81]. According 
to Proposition 5.21 on p.. 118 of [13], M is a shrinking family of constant positive 
curvature surfaces, which must be either S* or RP?. This completes the analysis in 
the compact case. O 





From this result, we can easily deduce a complete classification of «-solutions 
with compact asymptotic gradient shrinking soliton. 


COROLLARY 9.44. Suppose that (M,g(t)) is a K-solution of dimension 3 with 
a compact asymptotic gradient shrinking soliton. Then the Ricci flow (M,g(t)) is 
isomorphic to a time-shifted version of its asymptotic gradient shrinking soliton. 


PROOF. We suppose that the compact asymptotic gradient shrinking soliton 
is the limit of the (MM, g,, (t), (dn, —1)) for some sequence of 7, — oo. Since by the 
discussion in the compact case, this limit is of constant positive curvature. It follows 
that for all n sufficiently large, M is diffeomorphic to the limit manifold and the 
metric g-;,,(—1) is close to a metric of constant positive curvature. In particular, for 
all n sufficiently large, (1/7, g,,,(—1)) is compact and of strictly positive curvature. 
Furthermore, as n — 00 T, — oo and Riemannian manifolds (M, g,,,(—1)) become 
closer and closer to round in the sense that the ratio of its largest sectional curvature 
to its smallest sectional curvature goes to one. Since this is a scale invariant ratio, 
the same is true for the sequence of Riemannian manifolds (M, g(—7,,)). In the case 
when the dimension of M is three, by Hamilton’s pinching toward round result or 
Ivey’s theorem (see Theorem [4.23], this implies that the (M,g(t)) are all exactly 
round. 

This proves that (M,g(t)) is a shrinking family of round metrics. The only 
invariants of such a family are the diffeomorphism type of M and the time ( at 
which the flow becomes singular. Of course, M is diffeomorphic to its asymptotic 
soliton. Hence, the only remaining invariant is the singular time, and hence (M, g(t)) 
is equivalent to a time-shifted version of its asymptotic soliton. O 
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4.3. Case 2: Non-strictly positively curved. 


CLAIM 9.45. Suppose that (M,g) and f: M — R are as in the statement of 
Theorem|9.42| and that (M,g) does not have strictly positive curvature. Then n = 3 
and the Ricci flow (M,G(t)) with G(—1) = g given in Equation has a one- 
or two-sheeted covering that is a product of a two-dimensional K-non-collapsed Ricci 
flow of positive curvature and a constant flat copy of R. The curvature is bounded 
on each time-slice. 


Proor. According to Hamilton’s strong maximum principle (Corollary [4.20), 
the Ricci flow (IM, G(t)) has a one- or two-sheeted covering that splits as a product 
of an evolving family of manifolds of one dimension less of positive curvature and 
a constant one-manifold. It follows immediately that n = 3. Let f be the lifting 
of f to this one- or two-sheeted covering. Let Y be a unit tangent vector in the 
direction of the one-manifold. Then it follows from Equation that the value 
of the Hessian of a of (Y,Y) is one. If the flat one-manifold factor is a circle then 
there can be no such function a Hence, it follows that the one- or two-sheeted 
covering is a product of an evolving surface with a constant copy of R. Since (M, g) 
is k-non-collapsed and of bounded curvature, (IM, G(t)) is K-non-collapsed and each 
time-slice has positive bounded curvature. These statements are also true for the 
flow of surfaces. O 





4.4. Case 3: M is non-compact and strictly positively curved. Here the 
main result is that this case does not occur. 


PROPOSITION 9.46. There is no two- or three-dimensional Ricci flow satisfying 
the hypotheses of Theorem[9.42| with (M,g) non-compact and of positive curvature. 


We suppose that we have (M,g) as in Theorem with (M,g) being non- 
compact and of positive curvature. Let n be the dimension of M, so that n is either 
2 or 3. Taking the trace of the gradient shrinking soliton equation yields 


R+Af->=0, 


and consequently that 


dR+d(Af) =0. 
Using Lemma|L.10] we rewrite this equation as 
(9.20) dR + A(df) — Ric(Vf,-) = 0. 


On the other hand, taking the divergence of the gradient shrinking soliton equation 
and using the fact that V*g = 0 gives 


V*Ric + V*Hess(f) = 0. 
Of course, 
V*Hess(f) = V*(VVf) = (V*V)VF = A(df), 
so that 
A(df) = —V*Ric. 
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Plugging this into Equation gives 

dR — V*Ric — Ric(Vf,-) = 0. 
Now invoking Lemma we have 
(9.21) aR = 2Ric(V f,:)- 


Fix a point p € M. Let y(s); 0 < s < 4%, be a shortest geodesic (with respect to 
the metric g), parameterized at unit speed, emanating from p, and set X(s) = y/(s). 


CLAIM 9.47. There is a constant C independent of the choice of y and of 5 such 
that 


5 
i Ric(X, X)ds < C. 
0 
PROOF. Since the curvature is bounded, clearly it suffices to assume that § >> 1. 
Since ¥ is length-minimizing and parameterized at unit speed, it follows that it is 
a local minimum for the energy functional E(y) = 5 Jo 1’ (s)?ds among all paths 


with the same end points. Thus, letting yu(s) = y(s,u) be a one-parameter family 
of variations (fixed at the endpoints) with yo = y and with dy/du|,=9 = Y, we see 


0 < BE (yu) = IVx¥ [2 + (RIV, X)Y, X)ds. 
0 
We conclude that 
(9.22) | (-R(Y, X)Y, X)ds < [ IVxY¥ ds. 
0 0 


Fix an orthonormal basis {F£;}"_, at p with E,, = X, and let E; denote the parallel 
translation of E; along y. (Of course, E, = X.) Then, for 1 < n—1, we define 


sE; if0<s<1 
. ifl<s<3_-1 
(S-—s)E; ifS-1l<s<s. 


Adding up Equation (9.22) for each i gives 


n-1 ee 
-y | (R(Vi, X)Vi, X)ds < ae |VxYil?ds. 
i=1 °° i=1 79 


Of course, since the E, are parallel along y, we have 


yx 


1 if0<s<1 
IVx¥l?=<{ 0 if1<s<3-1 , 
1 ifs-l<s<s 


so that 


n-l ag 
> f iwxviP = 20-2). 
j=1 79 
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On the other hand, 
s’Ric(X, X) if 31 
Sie (Yi, X)(Yi),X) = ¢ Ric(X,X) ifh<6a5 51 
(s —s)*Ric(X,X) ifs—l<s<z. 


Since the curvature is bounded and |X| = 1, we see that a — s*)Ric(X, X)ds + 
A i (5 — s)?Ric(X, X) is bounded independent of y and of 3. This concludes the 


s— 


proof of the claim. Oo 





CLAIM 9.48. |Ric(X,-)|? < R- Ric(X, X). 


PrRooFr. This is obvious if n = 2, so we may as well assume that n = 3. We 
diagonalize Ric in an orthonormal basis {e;}. Let A; > 0 be the eigenvalues. Write 
X = Xe; with 0,(X")? = 1. Then 


Ric(X, -) = X*);(e;)*, 
so that |Ric(X, -)|? = 50,(X*)?A?. Of course, since the A; > 0, this gives 


R- Ric(X, X) = QU) dl Cee Pz MO 


establishing the claim. O 





Now we compute, using Cauchy-Schwarz, 


([ipiecx, Blas) 


IA 


3 | IRio(X, Bi)Pds < f |Ric(«,-)|?ds 
0 0 
< 3 | R- Ric(X, X)ds. 

0 


Since R is bounded, it follows from the first claim that there is a constant C’ inde- 
pendent of y and $ with 


Ss ~ 
(9.23) : |Ric(X, E;)|\ds < C'V3. 
0 
Since y is a geodesic in the metric g, we have Vx X = 0. Hence, 


7 S 
FPOKS)) = X(X(f)) = Hess(f)(X, X). 


Applying the gradient shrinking soliton equation to the pair (X, X) gives 


2 8 
PICS) <1 Rieg(X,%), 


Integrating we see 


POWs) los = Ks) ls-0 +5 - if Ric(X, X)ds 
It follows that 
(9.24) X(f)(vB)) 2 5-0", 
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for some constant C” depending only on (M,g) and f. Similarly, applying the 
gradient shrinking soliton equation to the pair (X, E;), using Equation (9.23) and 
the fact that Vx FE; = 0 gives 


(9.25) JE(f)(7@))| < C'(V5 + D. 


These two inequalities imply that for 5 sufficiently large, f has no critical points 
and that Vf makes a small angle with the gradient of the distance function from 
p, and |V f| goes to infinity as the distance from p increases. In particular, f is a 
proper function going off to +oo as we approach infinity in M. 

Now apply Equation to see that R is increasing along the gradient curves 
of f. Hence, there is a sequence pz, tending to infinity in M with lim, R(p,) = 
limsupgew R,g(q) > 0. 

The Ricci flow (M,G(t)), —oo < t < 0, given in Equation has the prop- 
erty that G(—1) = g and that (M,G(t)) is isometric to (M, |t\g). Since the origi- 
nal Riemannian manifold (1, g) given in the statement of Theorem is K-non- 
collapsed, it follows that, for every t < 0, the Riemannian manifold (IW, G(t)) is K- 
non-collapsed. Consequently, the Ricci flow (M,G(t)) is k-non-collapsed. It clearly 
has bounded non-negative curvature on each time-slice and is non-flat. Fix a point 
p€M. There is a sequence of points p; tending to infinity with R(p;,—1) bounded 
away from zero. It follows that lim;..R(pi, —1)d?/_4)(P, Pi) = oo. Thus, this flow 
satisfies all the hypotheses of Proposition [9.39] Hence, by Corollary [9.40] we see that 
nm cannot be equal to two. Furthermore, by Proposition [9.39} when n = 3 there is 
another subsequence q; tending to infinity in M such that there is a geometric limit 
(Moo; Joo(t), (doo, -1)), —co < t < —1, of the flows (M, G(t), (qi, —1)) defined for all 
t < 0 and this limit splits as a product of a surface flow (D7, h(t)) times the real line 
where the surfaces (©, h(t)) are all of positive, bounded curvature and the surface 
flow is k-non-collapsed. Since there is a constant C’ < oo such that the curvature 
of (M, G(t)), -co < t < to < 0, is bounded by C/|to|, this limit actually exists for 
—oo < t <0 with the same properties. 

Let us summarize our progress to date. 


COROLLARY 9.49. There is no non-compact, two-dimensional Riemannian man- 
ifold (M,g) satisfying the hypotheses of Theorem[9.{44 For any non-compact three- 
manifold (M,g) of positive curvature satisfying the hypotheses of Theorem 
there is a sequence of points q € M tending to infinity such that limj..Rg(q) = 
sup,ey such that the based Ricci flows (M,G(t),(qi,—1)) converge to a Ricci flow 
(Moo; Goo(t), (Goo, -1)) defined for —co < t < 0 that splits as a product of a line and 
a family of surfaces, each of positive, bounded curvature (X?,h(t)). Furthermore, 
the flow of surfaces is K-non-collapsed. 


ProoF. In Claim [9.45] we saw that every two-dimensional (M,g) satisfying the 
hypotheses of Theorem has strictly positive curvature. The argument that 
we just completed shows that there is no non-compact two-dimensional example of 
strictly positive curvature. 

The final statement is exactly what we just established. O 
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COROLLARY 9.50. (1) Let (M, g(t)) be a two-dimensional Ricci flow satisfy- 
ing all the hypotheses of Proposition[9.50| except possible the non-compactness 
hypothesis. Then M is compact and for any a > 0 the restriction of the 
flow to any interval of the form (—oo, —a} followed by a shift of time by +a 
is a k-solution. 

(2) Any asymptotic gradient shrinking soliton for a two-dimensional K-solution 
is a shrinking family of round surfaces. 

(3) Let (M,g(t)),-co <t < 0, be a two-dimensional k-solution. Then (M, g(t)) 
is a shrinking family of compact, round surfaces. 


Proor. Let (M,g9(t)) be a two-dimensional Ricci flow satisfying all the hy- 
potheses of Proposition [9.39] except possibly non-compactness. It then follows from 
Corollary [9.40] that M is compact. This proves the first item. 

Now suppose that (M, g(t)) is an asymptotic soliton for a «-solution of dimension 
two. If (M,g(—1)) does not have bounded curvature, then there is a sequence p; > 
oo so that lim;_,.. R(p;, —1) = oo. By this and Theorem[9.1]the Ricci flow (M, g(t)) 
satisfies all the hypotheses of Proposition [9.39] But this contradicts Corollary [9.40] 
We conclude that (M,g(—1)) has bounded curvature. According to Corollary [9.49] 
this means that (IM, g(t)) is compact. Results going back to Hamilton in imply 
that this compact asymptotic shrinking soliton is a shrinking family of compact, 
round surfaces. For example, this result is contained in Proposition 5.21 on p. 118 
of [13]. This proves the second item. 

Now suppose that (/, g(t)) is a two-dimensional «-solution. By the second item 
any asymptotic gradient shrinking soliton for this «-solution is compact. It follows 
that M is compact. We know that as t goes to —oo the Riemannian surfaces (lM, g(t)) 
are converging to compact, round surfaces. Extend the flow forward from 0 to a 
maximal time 2 < oo. By Theorem 5.64 on p. 149 of the surfaces (IM, g(t)) are 
also becoming round as t approaches 2. from below. Also, according to Proposition 
5.39 on p. 134 of the entropy of the flow is weakly monotone decreasing and 
is strictly decreasing unless the flow is a gradient shrinking soliton. But we have 
seen that the limits at both —oo and 2 are round manifolds, and hence of the 
same entropy. It follows that the «-solution is a shrinking family of compact, round 
surfaces. 0 





Now that we have shown that every two-dimensional «-solution is a shrinking 
family of round surfaces, we can complete the proof of Proposition [9.46] Let (M, g) 
be a non-compact manifold of positive curvature satisfying the hypotheses of Theo- 
rem [9.42] According to Corollary [9.50] the limiting Ricci flow (Mx, Goo(t)) referred 
to in Corollary [9.49]is the product of a line and a shrinking family of round surfaces. 
Since (M,g) is non-compact and has positive curvature, it is diffeomorphic to R? 
and hence does not contain an embedded copy of a projective plane. It follows that 
the round surfaces are in fact round two-spheres. Thus, (Mx.,Goo0(t)), —co<t <0, 
splits as the product of a shrinking family (S?,h(t)), —oo < t < 0, of round two- 
spheres and the real line. 


CLAIM 9.51. The scalar curvature of (S*,h(—1)) is equal to 1. 
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PROOF. Since the shrinking family of round two-spheres ($7, h(t)) exists for all 
—oo < t < 0, it follows that the scalar curvature of ($?,h(—1)) is at most 1. On 
the other hand, since the scalar curvature is increasing along the gradient flow lines 
of f, the infimum of the scalar curvature of (M,g), Ring, is positive. Thus, the 
infimum of the scalar curvature of (/,G(t)) is Ring/|t] and goes to infinity as |t| 
approaches 0. Thus, the infimum of the scalar curvature of ($7, h(t)) goes to infinity 
as t approaches zero. This means that the shrinking family of two-spheres becomes 
singular as t approaches zero, and consequently the scalar curvature of ($7, h(—1)) 
is equal to 1. O 





It follows that for any p in a neighborhood of infinity of (IV, g), we have 
Higip) =< 1 
For any unit vector Y at any point of M \ K we have 


1 1 R 
Hess(f)(Y, Y) = 3 ad Ric(Y, Y) = 5 = oT > 0. 


(On a manifold with non-negative curvature Ric(Y,Y) < R/2 for any unit tangent 
vector Y.) This means that for u sufficiently large the level surfaces of N,, = f~'(u) 
are convex and hence have increasing area as wu increases. 

According to Equations and the angle between Vf and the gradient 
of the distance function from p goes to zero as we go to infinity. According to 
Theorem the gradient of the distance function from p converges to the unit 
vector field in the R-direction of the product structure. It follows that the unit 
vector in the V f-direction converges to the unit vector in the R-direction. Hence, as 
u tends to oo the level surfaces f~!(u) converge in the C!-sense to © x {0}. Thus, 
the areas of these level surfaces converge to the area of (X, h(—1)) which is 87 since 
the scalar curvature of this limiting surface is limsup,c,,R(p,—1) = 1. It follows 
that the area of f—'(u) is less than 87 for all wu sufficiently large. 

Now let us estimate the intrinsic curvature of N = N, = f~'(u). Let Ky denote 
the sectional curvature of the induced metric on N, whereas Ky is the sectional 
curvature of M. We also denote by Ry the scalar curvature of the induced metric 
on N. Fix an orthonormal basis {e1, e2, e3} at a point of N, where es = Vf/|Vf|. 
Then by the Gauss-Codazzi formula we have 


Ry = 2Kn(e1, €2) = 2(K ys (e1, €2) + det S) 
where S is the shape operator 
_ Hess(f|TN) 
ne ) 
Clearly, we have R — 2Ric(e3, e3) = 2K as (e1, €2), so that 
Ry = R-— 2Ric(es, e3) + 2det S. 


We can assume that the basis is chosen so that Ric|ry is diagonal; i.e., in the given 
basis we have 
ry 0 Cl 
Ric= {0 ro co 
Cy C2 3 
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From the gradient shrinking soliton equation we have Hess(f) = (1/2)g — Ric so 
that 


det(Hess(f|TN)) = (5-n) (5-7) 


1 
< 70 =f = r2)" 
1 : ‘ 
= 7 — R+ Ric(e3, e3))*. 
Thus, it follows that 
1—R+Ri 2 
(9.26) Rn < R— 2Ric(e3, e3) + (l= Bt Ractesy ea)" 


2|VF|? 

It follows from Equation that |V f(x)| — oo as x goes to infinity in MW. Thus, 
since the curvature of (M,g(—1)) is bounded, provided that u is sufficiently large, 
we have 1 — R + Ric(e3,e3) < 2|Vf|?. Since the left-hand side of this inequality is 
positive (since R < 1), it follows that 


(1— R+ Ric(e3, e3))*? < 2(1 — R+ Ric(e3, e3))|Vf |’. 
Plugging this into Equation (9.26) gives that 
Ry <1-Ric(egz,e3) < 1, 


assuming that wu is sufficiently large. 

This contradicts the Gauss-Bonnet theorem for the surface N: Its area is less 
than 87, and the scalar curvature of the induced metric is less than 1, meaning that 
its Gaussian curvature is less than 1/2; yet N is diffeomorphic to a 2-sphere. This 
completes the proof of Proposition [9.46] that is to say this shows that there are no 
non-compact positive curved examples satisfying the hypotheses of Theorem [9.42 


4.5. Case of non-positive curvature revisited. We return now to the sec- 
ond case of Theorem [9.42] We extend (M,g) to a Ricci flow (IW, G(t)) defined for 
—oo < t < 0 as given in Equation (9.19). By Claim [9.45] M has either a one- or 
2-sheeted covering M such that (M,G(t)) is a metric product of a surface and a 
one-manifold for all t < 0. The evolving metric on the surface is itself a «-solution 
and hence by Corollary [9.50] the surfaces are compact and the metrics are all round. 
Thus, in this case, for any t < 0, the manifold (17,G(t)) is a metric product of a 
round S$? or RP? anda flat copy of R. The conclusion in this case is that the one- 
or two-sheeted covering (M,G(t)) is a product of a round S? or RP? and the line 
for all t < 0. 


4.6. Completion of the proof of Theorem 


COROLLARY 9.52. Let (M,g(t)) be a three-dimensional Ricci flow satisfying the 
hypotheses of Proposition[9.39 Then the limit constructed in that proposition splits 
as a product of a shrinking family of compact round surfaces with a line. In particu- 
lar, for any non-compact gradient shrinking soliton of a three-dimensional k-solution 
the limit constructed in Proposition is the product of a shrinking family of round 
surfaces and the real line. 
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Proor. Let (M, g(t)) be a three-dimensional Ricci flow satisfying the hypothe- 
ses of Proposition [9.39] and let (N?, h(t)) x (IR, ds”) be the limit constructed in that 
proposition. Since this limit is k-non-collapsed, (N, h(t)) is x’-non-collapsed for some 
k’ > 0 depending only on «. Since the limit is not flat and has non-negative curva- 
ture, the same is true for (N,h(t)). Since OR/Ot > O for the limit, the same is true 
for (N,h(t)). That is to say (N, A(t)) satisfies all the hypotheses of Proposition [9.39 
except possibly non-compactness. It now follows from Corollary [9.50] that (NV, h(t)) 
is a shrinking family of compact, round surfaces. O 





COROLLARY 9.53. Let (M,g(t)), —co <t <0, be an asymptotic gradient shrink- 
ing soliton for a three-dimensional k-solution. Then for eacht < 0, the Riemannian 
manifold (M,g(t)) has bounded curvature. In particular, for any a > 0 the flow 
(M, 9(t)), —oo <t< —a, followed by a shift of time by +a is a K-solution. 


ProoF. If an asymptotic gradient shrinking soliton (V, g(t)) of a three-dimensional 
«-solution does not have strictly positive curvature, then according to Corollary [4.20] 
(M, g(t)) has a covering that splits as a product of a a two-dimensional Ricci flow 
and a line. The two-dimensional Ricci flow satisfies all the hypotheses of Proposi- 
tion [9.39] except possibly compactness, and hence by Corollary [9.50] it is a shrinking 
family of round surfaces. In this case, it is clear that each time-slice of (M, g(t)) has 
bounded curvature. 

Now we consider the remaining case when (M,g(t)) has strictly positive curva- 
ture. Assume that (/,g9(t)) has unbounded curvature. Then there is a sequence 
of points p; tending to infinity in M such that R(p;,t) tends to infinity. By Corol- 
lary [9.52] we can replace the points p; by points q; with Q; = R(q,t) > R(pi,t) 
so that the based Riemannian manifolds (M,Qjg(t),q) converge to a product of 
a round surface (N,h(t)) with R. The surface N is either diffeomorphic to S? or 
RP?. Since (M, 9(t)) has positive curvature, by Theorem [2.7] it is diffeomorphic to 
R°, and hence it contains no embedded RP?. It follows that (N,h(t)) is a round 
two-sphere. 

Fix € > 0 sufficiently small as in Proposition 2.19} Then the limiting statement 
means that, for every 7 sufficiently large, there is an e-neck in (M, g(t)) centered at 














q; with scale a aa ?. This contradicts Proposition [2.19} establishing that for each 
t < 0 the curvature of (M, g(t)) is bounded. a 





CoROLLARY 9.54. Let (M, g(t)), —co <t < 0, be axk-solution of dimension three. 
Then any asymptotic gradient shrinking soliton (Moo, 9oo(t)) for this K-solution, as 
constructed in Theorem[9.11| is of one of the three types listed in Theorem [9.42 


ProoF. Let (Ma, goo(t)), —oo < t < 0, be an asymptotic gradient shrinking 
soliton for (IM, g(t)). According to Corollary [9.53] this soliton is a K-solution, imply- 
ing that (Moo, Goo(—1)) is acomplete Riemannian manifold of bounded, non-negative 
curvature. Suppose that B(p, —1,r) C Mo is a metric ball and |Rmg,.|(,—1) < r~? 
for all « € B(p,—1,r). Since OR,.,(x,t)/Ot > 0, it follows that R(x,t) < 3r~? on 
B(p, -1,r) x (—1—r?, —1], and hence that |Rmg,.| < 3r~? on this same region. Since 
the Ricci flow (Moc, goo(t)) is K-non-collapsed, it follows that Vol B(p, —1,r//3) > 
K(r//3)>. Hence, Vol, B(p,—1,r) > («/3/3)r3. This proves that the manifold 
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(Moo; Joo(—1)) is «/-non-collapsed for some x’ > 0 depending only on «. On the 
other hand, according to Theorem [9.11] there is a function f(-,—1) from M, to R 
satisfying the gradient shrinking soliton equation at the time-slice —1. Thus, The- 
orem [9.42] applies to (Mo, goo(—1)) to produce a Ricci flow G(t), —oo < t < 0, of 
one of the three types listed in that theorem and with G(—1) = go.(—1). 

Now we must show that G(t) = g(t) for all t < 0. In the first case when M, is 
compact, this is clear by uniqueness of the Ricci flow in the Ca case. Suppose 
that (M.,G(t)) is of the second type listed in Theorem [9.42] Then (Moo, go0.(—1)) 
is a product of a round two-sphere and the real line. By Corollary [4.20] this implies 
that the entire flow (M..,90(t)) splits as the product of a flow of compact two- 
spheres and the real line. Again by uniqueness in the compact case, this family of 
two-spheres must be a shrinking family of round two-spheres. In the third case, 
one passes to a finite sheeted covering of the second type, and applies the second 
case. | 





4.7. Asymptotic curvature. There is one elementary result that will be needed 
in what follows. 


DEFINITION 9.55. Let (1, g) be a complete, connected, non-compact Riemannian 
manifold of non-negative curvature. Fix a point p € M. We define the asymptotic 
scalar curvature 

R(M, g) = limsup,._,,,R(x)d? (2, p). 
Clearly, this limit is independent of p. 


PROPOSITION 9.56. Suppose that (M,g(t)), —co < t < 0, ts a connected, non- 
compact K-solution of dimension at most er Then R(M, g(t)) = +00 for every 
t<0. 


ProoFr. By Corollary [9.50] the only two-dimensional «-solutions are compact, 
so that the result is vacuously true in this case. Suppose that (M, g(t)) is three- 
dimensional If (M/, g(t)) does not have strictly positive curvature, then, since it is 
not flat, by Corollary [4.20] it must be three-dimensional and it has a finite-sheeted 
covering space that splits as a product (Q,h(0)) x (R, ds”) with (Q,h(0)) being a 
surface of strictly positive curvature and T being a flat one-manifold. Clearly, in 
this case the asymptotic curvature is infinite. 

Thus, without loss of generality we can assume that (M, g(t)) has strictly positive 
curvature. Let us first consider the case when R(M,g(t)) has a finite, nonzero 
value. Fix a point p € M. Take a sequence of points x, tending to infinity and set 
An = d3(an,p) and Qn = R(an,t). We choose this sequence such that 


limnsoQnAn = R(M, g(t)). 
We consider the sequence of Ricci flows (M, h,,(t), (an,0)), where 
hn(t) = Qng(Qz't). 
Fix 0 <a < /R(M, g(t) < b < oo. Consider the annuli 
An ={y € M|a< dh, co)(y,P) < 5}. 


2This result, in fact, holds in all dimensions. 
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Because of the choice of sequence, for all n sufficiently large, the scalar curvature 
of the restriction of h,(0) to A, is bounded independent of n. Furthermore, since 
dp,,(p, Xn) converges to \/R(M, g(t)), there is a > 0 such that for all n sufficiently 
large, the annulus A, contains Bp, (¢n,0,a). Consequently, we have a bound, in- 
dependent of n, for the scalar curvature of h,,(0) on these balls. By the hypothesis 
that OR/Ot > 0, there is a bound, independent of n, for the scalar curvature of 
hy, on Bp,,(&n,0,a@) X (—00,0]. Using the fact that the flows have non-negative 
curvature, this means that there is a bound, independent of n, for |Rmp,,(y,0)| on 
Bp,,(fn,9,@) Xx (—co,0]. This means that by Shi’s theorem (Theorem 3.28), there 
are bounds, independent of n, for every covariant derivative of the curvature on 
Bh, (@n,9,a/2) x (—oo, 0]. 

Since the original flow is k-non-collapsed on all scales, it follows that the rescaled 
flows are also & non-collapsed on all scales. Since the curvature is bounded, inde- 
pendent of n, on By,,(%n,0,a), this implies that there is 6 > 0, independent of n, 
such that for all n sufficiently large, every ball of radius 6 centered at any point of 
Bp,, (an, 0,a/2) has volume at least «53, Now applying Theorem [5.6] we see that a 
subsequence converges geometrically to a limit which will automatically be a metric 
ball Bg.(%0,0,a/2). In fact, by Hamilton’s result (Proposition there is a 
limiting flow on Bg... (%oo,0,a/4) x (—o0, 0]. Notice that the limiting flow is not flat 
Since Ai 5,0) =i, 

On the other hand, according to Lemma [5.31] the Gromov-Hausdorff limit of a 
subsequence (M,A7!gn(0),@n) is the Tits cone, i.e., the cone over Sj.(M,p). Since 
Qn = R(M,g(t))A7!, the rescalings (M,Qngn(0),%n) also converge to a cone, say 
(C,h, Yoo), which is in fact simply a rescaling of the Tits cone by a factor R(M, g(t)). 
Pass to a subsequence so that both the geometric limit on the ball of radius a/2 
and the Gromov-Hausdorff limit exist. Then the geometric limit By. (%o0,0,a/2) is 
isometric to an open ball in the cone. Since we have a limiting Ricci flow 


(Boco (®00,9, 0/2), Goo (t)), -—o <t< 0, 


this contradicts Proposition This completes the proof that it is not possible 
for the asymptotic curvature to be finite and nonzero. 

Lastly, we consider the possibility that the asymptotic curvature is zero. Again we 
fix p € M. Take any sequence of points x, tending to infinity and let \, = d?(p, @n). 
Form the sequence of based Ricci flows (M, hn(t), (@n,0)) where hy(t) = A; 1g(Ant). 
On the one hand, the Gromoy-Hausdorff limit (of a subsequence) is the Tits cone. On 
the other hand, the curvature condition tells us the following: For any0<a<1<b 
on the regions 


{y € M| ac dn,,(0) (Ys P) < b}, 


the curvature tends uniformly to zero as n tends to infinity. Arguing as in the 
previous case, Shi’s theorem, Hamilton’s result, Theorem[5.14] and the fact that the 
original flow is « non-collapsed on all scales tells us that we can pass to a subsequence 
so that these annuli centered at x, converge geometrically to a limit. Of course, the 
limit is flat. Since this holds for all 0 < a < 1 < b, this implies that the Tits cone 
is smooth and flat except possibly at its cone point. In particular, the sphere at 
infinity, S..(M,p), is a smooth surface of constant curvature +1. 
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CLAIM 9.57. S.o(M,p) is isometric to a round 2-sphere. 


PROOF. Since M is orientable the complement of the cone point in the Tits cone 
is an orientable manifold and hence S..(M, p) is an orientable surface. Since we have 
already established that it has a metric of constant positive curvature, it must be 
diffeomorphic to $*, and hence isometric to a round sphere. (In higher dimensions 
one can prove that S..(M,p) is simply connected, and hence isometric to a round 
sphere.) O 





It follows that the Tits cone is a smooth flat manifold even at the origin, and 
hence is isometric to Euclidean 3-space. This means that in the limit, for any r > 0 
the volume of the ball of radius r centered at the cone point is exactly w3r%, where 
w3 is the volume of the unit ball in R*. Consequently, 


lim,,—+o0 Vol (Bolo, 0, VAnt) \ Bg(p, 9, ) => w3d3/273, 


By Theorem [1.34] and the fact that the Ricci curvature is non-negative, this implies 
that 

Vol By(p, 0, R) = w3R? 
for all R < oo. Since the Ricci curvature is non-negative, this means that (M, g(t)) is 
Ricci-flat, and hence flat. But this contradicts the fact that (IV, g(t)) is a «-solution 
and hence is not flat. 


Having ruled out the other two cases, we are left with only one possibility: 
R(M, g(t)) = cv. 0 





5. Universal « 


The first consequence of the existence of an asymptotic gradient shrinking soli- 
ton is that there is a universal « for all 3-dimensional «-solutions, except those of 
constant positive curvature. 


PROPOSITION 9.58. There is a kg > 0 such that any non-round 3-dimensional 
K-solution is a Ko-solution. 


Proor. Let (M,g(t)) be a non-round 3-dimensional x«-solution. By Corol- 
lary [9.44] since (IM, g(t)) is not a family of round manifolds, the asymptotic soliton 
for the «-solution cannot be compact. Thus, according to Corollary [9.42] there are 
only two possibilities for the asymptotic soliton (Moo, goo(t)) — either (Mao, goo(t)) 
is the product of a round 2-sphere of Gaussian curvature 1/2|t| with a line or has a 
two-sheeted covering by such a product. In fact, there are three possibilities: S? x R, 
RP? x R or the twisted R-bundle over RP? whose total space is diffeomorphic to 
the complement of a point in RP®. 

Fix a point x = (p,0) € M x {0}. Let 7, be a sequence converging to oo, and 
de € M a point with I, (qx,7%) < 3/2. The existence of an asymptotic soliton means 
that, possibly after passing to a subsequence, there is a gradient shrinking soliton 
(Moo; Joo(t)) and a ball B of radius 1 in (Moo, goo(—1)) centered at a point ga. € Mx 
and a sequence of embeddings ¥,: B — M such that (doo) = dq, and such that 
the map 

Bx [-2, —]] — M x [(—27,, —Tr] 
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given by (b,t) > (vx(b),7,¢t) has the property that the pullback of 7, g(r) con- 
verges smoothly and uniformly as k — oo to the restriction of g(t), -2<t< -—l, 
to B. Let (My, 9,(t)) be this rescaling of the the «-solution by 7. Then the embed- 
dings w, xid: Bx (—2,—1] — (Mj, x [—2, —1] converge as k — oo to a one-parameter 
family of isometries. That is to say, the image w,(B x [—2,—1]) C My x [—2,-1] 
is an almost isometric embedding. Since the reduced length function from x to 
(wx (a), —1) is at most 3/2 (from the invariance of reduced length under rescalings, 
see Corollary |6.74), it follows easily that the reduced length function on 7,(Bx {—2}) 
is bounded independent of k. Similarly, the volume of y,(B x {—2}) is bounded 
independent of k. This means the reduced volume of (Bx {—2}) in (Mg, gx(t)) is 
bounded independent of k. Now by Theorem[8.1] this implies that (Mz, gx(t)) is Ko- 
non-collapsed at (p,0) on scales < /2 for some ko depending only on the geometry 
of the three possibilities for (Moo, goo(t)), —2 < t < —1. Being Ko-non-collapsed is 
invariant under rescalings, so that it follows immediately that (JV, g(t)) is Ko-non- 
collapsed on scales < /27,. Since this is true for all k, it follows that (W, g(t)) is 
ko-non-collapsed on all scales at (p, 0). 

This result holds of course for every p € M, showing that at t = 0 the flow is 
kg-non-collapsed. To prove this result at points of the form (p,t) € M x (—co, 0] we 
simply shift the original «-solution upward by |t| and remove the part of the flow at 
positive time. This produces a new «-solution and the point in question has been 
shifted to the time-zero slice, so that we can apply the previous results. O 





6. Asymptotic volume 


Let (M,g(t)) be an n-dimensional «-solution. For any t < 0 and any point 
p © M we consider (Vol B,y)(p,r))/r". According to the Bishop-Gromov Theorem 
(Theorem [1.34], this is a non-increasing function of r. We define the asymptotic 
volume Voo(M, g(t)), or Voo(t) if the flow is clear from the context, to be the limit 
as r — oo of this function. Clearly, this limit is independent of p € M. 


THEOREM 9.59. Fok any & > 0 and any K-solution (M,g(t)) the asymptotic 
volume Voo(M, g(t)) is identically zero. 


PrRooF. The proof is by induction on the dimension n of the solution. For 
n = 2 by Corollary [9.50] there are only compact «-solutions, which clearly have zero 
asymptotic volume. Suppose that we have established the result for n — 1 > 2 and 
let us prove it for n. 

According to Proposition there is a sequence of points p, € M tending to 
infinity such that setting Q, = R(pn,0) the sequence of Ricci flows 


(M, Qn9(Qn°t); (dn; 0)) 


converges geometrically to a limit (Moo, goo(t), (doo, 0)), and this limit splits off a line: 
(Moo; Joo(t)) = (N, h(t)) x R. Since the ball of radius R about a point (z,t) €E NxR 


3This theorem and all the other results of this section are valid in all dimensions. Our proofs 
use Theorem [9.56] and Proposition [9.39] which are also valid in all dimensions but which we proved 
only in dimensions 2 and 3. Thus, while we state the results of this section for all dimensions, 
strictly speaking we give proofs only for dimensions 2 and 3. These are the only cases we need in 
what follows. 
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is contained in the product of the ball of radius R about x in N and an interval of 
length 2R, it follows that (V,h(t)) is a K/2-ancient solution. Hence, by induction, 
for every t, the asymptotic volume of (N,h(t)) is zero, and hence so is that of 


(M, g(t). O 


6.1. Volume comparison. One important consequence of the asymptotic vol- 
ume result is a volume comparison result. 





PROPOSITION 9.60. Fix the dimension n. For every v > 0 there is A < co such 
that the following holds. Suppose that (Mz, gx(t)), —te <t <0, is a sequence of (not 
necessarily complete) n-dimensional Ricci flows of non-negative curvature operator. 
Suppose in addition we have points p, € My, and radii rz, > 0 with the property 
that for each k the ball B(pz,0,r~) has compact closure in My. Let Qy = R(prx,9) 
and suppose that R(q,t) < 4Q, for all q € B(pz,0,r~,) and for all t € [—t,,0], and 
suppose that t,.Q,z — 00 and r2Q, > 00 as k > oo. Then Vol B(px,0, A//Qx) < 


V(A//Qz)” for all k sufficiently large. 


PROOF. Suppose that the result fails for some v > 0. Then there is a sequence 
(Mz, 9x (t)), —ty < t <0, of n-dimensional Ricci flows, points p, € Mz, and radii r;, 
as in the statement of the lemma such that for every A < oo there is an arbitrarily 
large k with Vol B(p;,,0, A//Qz) > v(A/VQx)". Pass to a subsequence so that for 
each A < oo we have 


Vol B(px,0, A//Qx) = V(A/ Qu)" 


for all k sufficiently large. Consider now the flows hy(t) = Qrgr(Q;,'t), defined 
for —Qxth <t < 0. Then for every A < oo for all k sufficiently large we have 
Rp, (q,t) < 4 for all ¢ € Bp, (pp, 0, A) and all t € (—t,Q;,, 0]. Also, for every A < co 
for all k sufficiently large we have Vol B(pz,0, A) > vA”. According to Theorem[5.15 
we can then pass to a subsequence that has a geometric limit which is an ancient 
flow of complete Riemannian manifolds. Clearly, the time-slices of the limit have 
non-negative curvature operator, and the scalar curvature is bounded (by 4) and is 
equal to 1 at the base point of the limit. Also, the asymptotic volume V(0) > v. 


CLAIM 9.61. Suppose that (M,g(t)) is an ancient Ricci flow such that for each 
t < 0 the Riemannian manifold (M, g(t)) is complete and has bounded, non-negative 
curvature operator. Let V(t) be the asymptotic volume of the manifold (M, g(t)). 
(1) The asymptotic volume V(t) is a non-increasing function of t. 
(2) If Vit) =V > 0 then every metric ball B(x,t,r) has volume at least Vr”. 


PRooF. We begin with the proof of the first item. Fix a < b < 0. By hypothesis 
there is a constant K < oo such that the scalar curvature of (M,g(0)) is bounded 
by (n — 1)K. By the Harnack inequality (Corollary [4.39) the scalar curvature of 
(M, g(t)) is bounded by (n — 1)K for all t < 0. Hence, since the (M,g(t)) have 
non-negative curvature, we have Ric(p,t) < (n —1)K for all p and t. Set A = 


4(n — 1) 2h Then by Corollary we have 


da(po,P1) < dy(po,p1) + A(b — a). 
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This means that for any r > 0 we have 
B(po,6,r) C B(po,a,r + A(b—a)). 

On the other hand, since dVol/dt = —RdVol, it follows that in the case of non- 
negative curvature that the volume of any open set is non-increasing in time. Con- 
sequently, 

Vol,(4) B(po, b, r) s Vol g(a) B(po, a,r + A(b _ a)), 
and hence 
Vol, (4) B(po, b, r) Z Volg(a)B(po,a,7 + A(b — a)) (r + A(b — a))” 
rn _ (r + A(b—a))” rn 
Taking the limit as r — oo gives 


V(b) < V(a). 


The second item of the claim is immediate from the Bishop-Gromov inequality 


(Theorem [1.34). O 


Now we return to the proof of the proposition. Under the assumption that there 
is a counterexample to the proposition for some v > 0, we have constructed a limit 
that is an ancient Ricci flow with bounded, non-negative curvature with V(0) > v. 
Since V(0) > v, it follows from the claim that V(t) > v for all t < 0 and hence, 
also by the claim, we see that (M, g(t)) is v-non-collapsed for all t. This completes 
the proof that the limit is a v-solution. This contradicts Theorem applied with 
k =v, and proves the proposition. O 








This proposition has two useful corollaries about balls in «-solutions with volumes 
bounded away from zero. The first says that the normalized curvature is bounded 
on such balls. 


COROLLARY 9.62. For any v > 0 there is a C = C(v) < co depending only 
on the dimension n such that the following holds. Suppose that (M,g(t)), —co < 
t <0, is an n-dimensional Ricci flow with each (M,g(t)) being complete and with 
bounded, non-negative curvature operator. Suppose p © M, andr > 0 are such that 
Vol B(p,0,r) > vr". Then r2R(q,0) < C for all q € B(p,0,r). 


PROOF. Suppose that the result fails for some v > 0. Then there is a sequence 
(Mx, 9x (t)) of n-dimensional Ricci flows, complete, with bounded non-negative cur- 
vature operator and points py € Mz, constants rz, > 0, and points qx € B(pz,0,rr¢) 
such that: 

(1) Vol B(p,, 0,r,) > vre, and 

(2) setting Q, = R(qx,0) we have rZQ;, > co as k — oo. 
Using Lemma we can find points gq, € B(pr,0,2r,) and constants s_ < rp, 
such that setting Qi, = R(qj,,0) we have Qi.s? = Q,rzZ and R(q,0) < 4Q}, for all 
q € B(q,,0, 5%). Of course, Qi.s~ > co as k — ov. Since do(px, qj.) < 2r~, we have 
B(px, 0, rx) C B(q,, 0, 3r;,) so that 


Vol B(qy,; 0, 37g) > Vol B(pz, 0, rx) > verze = (v/3")(3rp)”. 


232 9. k-NON-COLLAPSED ANCIENT SOLUTIONS 


Since the sectional curvatures of (IM, g,(0)) are non-negative, it follows from the 
Bishop-Gromov inequality (Theorem [1.34) that Vol B(q,,0,s) > (v/3")s" for any 
S< Sp. 

Of course, by Corollary [4.39] we have R(q,t) < 4Qj, for all t < 0 and all q € 
B(qj,, 0, 8%). Now consider the sequence of based, rescaled flows 


(Mr, Q,.9(Q), ‘t), (di, 0))- 


In these manifolds all balls centered at (qj,,0) of radii at most /Qys, are (v/3") 
non-collapsed. Also, the curvatures of these manifolds are non-negative and the 
scalar curvature is bounded by 4. It follows that by passing to a subsequence we 
can extract a geometric limit. Since Q/,s2 — oo as k > oo the asymptotic volume of 
this limit is at least v/3”. But this geometric limit is a v/3”-non-collapsed ancient 
solution with non-negative curvature operator with scalar curvature bounded by 4. 
This contradicts Theorem [9.59 O 





The second corollary gives curvature bounds at all points in terms of the distance 
to the center of the ball. 


COROLLARY 9.63. Fix the dimension n. Given v > 0, there is a function K(A) < 
oo, defined for A € (0,00), such that if (M, g(t)), —co<t <0, is an n-dimensional 
Ricci flow, complete of bounded, non-negative curvature operator, p © M is a point 
and 0 <r <oo is such that Vol B(p,0,r) > vr” then for allq € M we have 


(r + do(p, 4)? R(q,0) < K(do(p, @)/7). 
Proor. Fix q € M and let d= do(p,q). We have 


V 
a+ diy 
Let K(A) = C(v/"), where C is the constant provided by the previous corollary. 
The result is immediate from the previous corollary. O 


Vol B(q,0,r +d) > Vol B(p,0,r) > vr" = (r+d)”. 





7. Compactness of the space of 3-dimensional «-solutions 


This section is devoted to proving the following result. 


THEOREM 9.64. Let (Mp, 9x (t), (py,0)) be a sequence of based 3-dimensional K- 
solutions satisfying R(pp,0) = 1. Then there is a subsequence converging smoothly 
to a based K-solution. 


The main point in proving this theorem is to establish the uniform curvature 
bounds given in the next lemma. 


LEMMA 9.65. For each r < oo there is a constant C(r) < oo, such that the 
following holds. Let (M, g(t), (p,0)) be a based 3-dimensional K-solution satisfying 
R(p,0) =1. Then R(g,0) < C(r) for all ¢ € B(p,0,r). 


PROOF. Fix a based 3-dimensional «-solution (IM, g(t), (p,0)). By Theorem[9.56] 
we have 


supgemdo(p, q)”R(q, 0) = oo. 
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Let g be a closest point to p satisfying 
do(p, q) R(q, 0) =1. 

We set d = do(p,q), and we set Q = R(q,0). Of course, d?Q = 1. We carry 
this notation and these assumptions through the next five claims. The goal of these 
claims is to show that R(q’,0) is uniformly bounded for q’ near (p,0) so that in 
fact the distance d from the point q to p is uniformly bounded from below by a 
positive constant (see Claim [9.69] for a more precise statement). Once we have this 
the lemma will follow easily. To establish this uniform bound requires a sequence of 
claims. 


CLAIM 9.66. There is a universal (i.e., independent of the 3-dimensional k- 
solution) upper bound C' for R(q’,0)/R(q,0) for all qd € B(q,0, 2d). 


PROOF. Suppose not. Then there is a sequence (Mx, gx(t), (pe, 0)) of 3-dimensional 
«-solutions with R(pz,0) = 1, points gq, in (Mz, gx(0)) closest to pz satisfying 
d?R(qz,0) = 1, where dy = do(px, qx), and points gq, € B(qz,0,2d,) with 


Then according to Corollary for every v > 0 for all & sufficiently large, we have 


(9.27) Vol B(qx, 0, 2dz) < v(2d;)°. 
Therefore, by passing to a subsequence, we can assume that for each v > 0 
(9.28) Vol B(x, 0, 2dp) < v(2dx)? 


for all k sufficiently large. Let w3 be the volume of the unit ball in R?. Then for all 
k sufficiently large, Vol B(qx, 0, 2d,) < [w3/2](2d;,)°. Since the sectional curvatures 
of (Mx, 9x(0)) are non-negative, by the Bishop-Gromov inequality (Theorem [1.34), 
it follows that for every & sufficiently large there is r;, < 2d, such that 


(9.29) Vol B(qx, 0, rk) = [w3/2Ir3. 


Of course, because of Equation (9.28) we see that lim,_..9r,/d, = 0. Then, accord- 
ing to Corollary [9.63] we have for all q € M; 


(rx + dg, (Ge, 9)? R(q, 0) < K (dg,(0) (Ges @)/Te)s 
where K is as given in Corollary [9.63] Form the sequence (Mz, 9;,(t), (q,,0)), where 
g,(t) = Tr, gn re ). This is a sequence of based Ricci flows. For each A < 00 we 
have 
(1+ A)? Rg (q,0) < K(A) 
for all g € By (0) (qz,0, A). Hence, by the consequence of Hamilton’s Harnack in- 
equality (Corollary [4.39) 
Ry. (at) < K(A), 
for all (q,t) € Bg (o)(qx,0,A) x (—00,0]. Using this and the fact that all the flows 
are «-non-collapsed, Theorem [5.15] implies that, after passing to a subsequence, 
the sequence (My, g;,(t), (qx,0)) converges geometrically to a limiting Ricci flow 
(Moo; Joo(t), (Goo, 0)) consisting of non-negatively curved, complete manifolds «-non- 
collapsed on all scales (though possibly with unbounded curvature). 
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Furthermore, Equation (9.29) passes to the limit to give 
(9.30) Vol Bg, (Goo, 0,1) = w3/2. 


Since r;,/dy — 0 as k — oo and since Rg, (q,,0) = dg’; we see that Ry, (doo, 0) = 0. 
By the strong maximum principle for scalar curvature (Theorem [4.18), this implies 
that the limit (Moo, 900(0)) is flat. But Equation tells us that this limit is 
not R?. Since it is complete and flat, it must be a quotient of R® by an action of 
a non-trivial group of isometries acting freely and properly discontinuously. But 
the quotient of R? by any non-trivial group of isometries acting freely and properly 
discontinuously has zero asymptotic volume. [Proof: It suffices to prove the claim 
in the special case when the group is infinite cyclic. The generator of this group has 
an axis a on which it acts by translation and on the orthogonal subspace its acts by 
an isometry. Consider the circle in the quotient that is the image of a, and let La 
be its length. The volume of the ball of radius r about Ly is mr?L,. Clearly then, 
for any p € a, the volume of the ball of radius r about p is at most tLar?. This 
proves that the asymptotic volume of the quotient is zero.] 

We have now shown that (Mx, 9o0(0)) has zero curvature and zero asymptotic 
volume. But this implies that it is not k-non-collapsed on all scales, which is a 
contradiction. This contradiction completes the proof of Claim [9.66] O 





This claim establishes the existence of a universal constant C < oo (universal in 
the sense that it is independent of the 3-dimensional «-solution) such that R(q’,0) < 
CQ for all ¢ € B(q,0,2d). Since the curvature of (M,g(t)) is non-negative and 
bounded, we know from the Harnack inequality (Corollary [4.39) that R(q’,t) < CQ 
for all q’ € B(q,0,2d) and all t < 0. Hence, the Ricci curvature Ric(q’,t) < CQ for 
all q’ € B(q,0,2d) and all t < 0. 


CLAM 9.67. Given any constant c > 0 there is a constant C = C(c), depending 
only on c and not on the 3-dimensional «-solution, so that 


dg(—cq-1)(P, q) = Eg. 


Proor. Let y: [0,d] — M bea g(0)-geodesic from p to q, parameterized at unit 
speed. Denote by ¢;(7) the length of y under the metric g(t). We have d:(p,q) < 
f:(y). We estimate ¢;(7) using the fact that |Ric| < CQ on the image of ¥ at all 


times. 
St) = 2(f (OOF One) |, 
i Heaton) O70, 


g(to) 


_CQ LY (s)letéo) 48 = —CQig(). 


IV 


Integrating yields 
£a(y) < eo (y) = MQM. 
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(Recall d?Q = 1.) Plugging in t = cQ™! gives us 
d_.g-1(p, q) < Ego) < eg, 


Setting C =e completes the proof of the claim. O 





The integrated form of Hamilton’s Harnack inequality, Theorem tells us 
that P oa 
log R(p, 0) — —cQ-} Prd 
R(q, -cQ7!) 2cQ-* 


According to the above claim, this in turn tells us 


R(p, 0) _ 772 Cc 
me (ag) on dee 


Since R(p,0) = 1, it immediately follows that R(q,—cQ7!) < exp(C2/(2c)). 


CLAIM 9.68. There is a universal (i.e., independent of the 3-dimensional K- 
solution) upper bound for Q = R(q,0). 


Proor. Let G’ = QG and t’ = Qt. Then Re (q’,0) < C for all d’ € Be(q, 0, 2). 
Consequently, Re(q',t’) < C for all qd € Ber(q,0,2) and all t’ < 0. Thus, by 
Shi’s derivative estimates (Theorem 3.28) applied with T = 2 and r = 2, there is a 
universal constant C such that for all —1 < t’ <0 


|ARme(q, t\\q < Ci, 


(where the Laplacian is taken with respect to the metric G’). Rescaling by Q~! we 
see that for all -Q-! < t < 0 we have 


|ARme(q, t)| = CQ, 


where the Laplacian is taken with respect to the metric G. Since the metric is non- 
negatively curved, by Corollary 4.39] we have 2|Ric(q, t)|? < 2Q? for all t < 0. From 
these two facts we conclude from the flow equation that there is a constant 
1 < C" < co with the property that 0R/Ot(q,t) < C’Q? for all —Q-! <t <0. Thus 


for any 0 < c < 1, we have Q = R(q,0) < cO”Q+ R(q,-—cQ7!) < eC" Q + lO? (0)/20), 
Now we take c = (2C”)~! and C = C(c). Plugging these values into the previous 
inequality yields 


Q < ge(070”) 





This leads immediately to: 


CLAIM 9.69. There are universal constants 6 > 0 and Cy < oo (independent 
of the based 3-dimensional K-solution (M, g(t), (p,0)) with R(p,0) = 1) such that 
d(p,q) > 6. In addition, R(q',t) < C, for all d € B(p,0,d) and allt < 0. 


PROOF. Since, according to the previous claim, Q is universally bounded above 
and d?Q = 1, the existence of 6 > 0 as required is clear. Since B(p,0,d) C 
B(q, 0, 2d), since R(q’,0)/R(q, 0) is universally bounded on B(q, 0, 2d) by Claim[9.66} 
and since R(q,0) is universally bounded by Lemma [9.68] the second statement is 
clear for all (q’,0) € B(p,0,d) Cc B(q,0,2d). Given this, the fact that the second 
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statement holds for all (q,t) € B(p,0,d) x (—oo, 0] then follows immediately from 
the derivative inequality for OR(q,t)/Ot, Corollary [4.39] Oj 





This, in turn, leads immediately to: 


COROLLARY 9.70. Fir 6 > O the universal constant of the last claim. Then 
R(q,t) < 6-2 for all qd’ € B(p,0,5) and all t < 0. 


Now we return to the proof of Lemma|9.65] Since (MM, g(t)) is «-non-collapsed, 
it follows from the previous corollary that Vol B(p,0,6) > «6°. Hence, according 
to Corollary for each A < oo there is a constant AK (A) such that R(q’,0) < 
K(A/6)/(6+ A)? for all gq’ € B(p,0, A). Since 6 is a universal positive constant, this 
completes the proof of Lemma [9.65 O 





Now let us turn to the proof of Theorem the compactness result for K- 
solutions. 


Proor. Let (Mz, 9z,(t), (pe, 0)) be a sequence of based 3-dimensional «-solutions 
with R(p;,,0) = 1 for all k. The immediate consequence of Lemma [9.65] and Corol- 
lary [4.39] is the following. For every r < oo there is a constant C(r) < co such that 
R(q,t) < C(r) for all g € B(pz, 0,7) and for all t < 0. Of course, since, in addition, 
the elements in the sequence are k-non-collapsed, by Theorem[5.15]this implies that 
there is a subsequence of the (My, gx (t), (pe, 0)) that converges geometrically to an 
ancient flow (Moo, Joo(t), (Poo, 0)). Being a geometric limit of «-solutions, this limit 
is complete and «-non-collapsed, and each time-slice is of non-negative curvature. 
Also, it is not flat since, by construction, R(p..,0) = 1. Of course, it also follows 
from the limiting procedure that OR(q,t)/Ot > 0 for every (¢,t) € Ma x (—oo, 0]. 
Thus, according to Corollary [9.53] the limit (W.., goo(t)) has bounded curvature for 
each t < 0. Hence, the limit is a «-solution. This completes the proof of Theo- 


rem Oo 


COROLLARY 9.71. Given Kk > 0, there is C' < co such that for any 3-dimensional 
«-solution (M,g(t)), —coo<t <0, we have 





|V R(x, t)| 
(9.31) "PCt) Rig, D3? < C 
d 
|4R(2,t)| 
a ) 
(9.32) SUP et) “Re DE < C. 


PROOF. Notice that the two inequalities are scale invariant. Thus, this result is 
immediate from the compactness theorem, Theorem [9.64] O 





Because of Proposition [9.58} and the fact that the previous corollary obviously 
holds for any shrinking family of round metrics, we can take the constant C in the 
above corollary to be independent of « > 0. 

Notice that, using Equation (8.7), we can rewrite the second inequality in the 
above corollary as 


JAR + 2|Ric|?| 
wee Re, tp 
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8. Qualitative description of «-solutions 


In Chapter [2] we defined the notion of an e-neck. In this section we define a 
stronger version of these, called strong e-necks. We also introduce other types of 
canonical neighborhoods — e-caps, e-round components and C-components. These 
definitions pave the way for a qualitative description of «-solutions. 


8.1. Strong canonical neighborhoods. The next manifold we introduce is 
one with controlled topology (diffeomorphic either to the 3-disk or a punctured RP?®) 
with the property that the complement of a compact submanifold is an e-neck. 


DEFINITION 9.72. Fix constants 0 < € < 1/2 and C < ov. Let (M,g) be a Rie- 
mannian 3-manifold. A (C,«)-cap in (M, g) is an open submanifold (C, g|c) together 
with an open submanifold N C C with the following properties: 

(1) C is diffeomorphic either to an open 3-ball or to a punctured RP?. 

(2) N is an e-neck with compact complement in C. 

(3) Y =C\N is a compact submanifold with boundary. Its interior, Y, is 
called the core of C. The frontier of Y, which is OY, is a central 2-sphere 
of an e-neck contained in C. 

(4) The scalar curvature R(y) > 0 for every y € C and 


diam(C, gle) < C (sup,ccR(y)) 


(5) supzyec [R(y)/R(x)] < C. 
(6) VolC < C(supyecR(y))~?”?. 
(7) For any y € Y let ry be defined so that supy¢p( 


-1/2 


ysry) RY’) = r,?. Then for 
each y € Y, the ball B(y,r,) lies in C and indeed has compact closure in 
C. Furthermore, 


1B 
CP 2g 
My 
(8) Lastly, 
IVRy)| 
SUPyEC Ry) 3/2 <C 
and 


|AR(y) + 2|Ric|?| 


SUPyec Ru? <0. 


REMARK 9.73. If the ball B(y,r,) meets the complement of the core of C then it 
contains a point whose scalar curvature is close to R(x), and hence ry is bounded 
above by, say 2R(x)~'. Since € < 1/2, using the fact that y is contained in the core 
of C it follows that B(y,ry) is contained in C and has compact closure in C. 

Implicitly, we always orient the e-neck structure on N so that the closure of its 
negative end meets the core of C. See Fic. [Jin the Introduction. 


Condition (8) in the above definition may seem unnatural, but here is the reason 
for it. 
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CLAIM 9.74. Suppose that (M, g(t)) is a Ricci flow and that (C,g(t)|c) is a subset 
of at time-slice. Then Condition (8) above is equivalent to 
a | 
ot 


SUP(e.1)eC PI e f) ~ C. 





PrRooF. This is immediate from Equation (3.7). O 
Notice that the definition of a (C,«)-cap is a scale invariant notion. 


DEFINITION 9.75. Fix a positive constant C. A compact connected Riemannian 
manifold (M,g) is called a C-component if 
(1) M is diffeomorphic to either $* or RP?®. 
(2) (M,g) has positive sectional curvature. 
(3) 
= inf pK (P) 
suPpyem Ry) 
where P varies over all 2-planes in TX (and K(P) denotes the sectional 
curvature in the P-direction). 


(4) 
C7 *supyem (Rw)-”) < diam(M) < Cinfyey (Rw) 4 


DEFINITION 9.76. Fix « > 0. Let (M,g) be a compact, connected 3-manifold. 
Then (M,g) is within € of round in the Cl/4_topology if there exist a constant 
R> 0, acompact manifold (Z, go) of constant curvature +1, and a diffeomorphism 
yp: Z — M with the property that the pull back under y of Rg is within € in the 
Cl/4_topology of go. 


Notice that both of these notions are scale invariant notions. 


DEFINITION 9.77. Fix C < co and e > 0. For any Riemannian manifold (M, g), 
an open neighborhood U of a point x € M is a (C,€)-canonical neighborhood if one 
of the following holds: 

(1) U is an eneck in (M, gq) centered at x. 

(2) U a (C,e€)-cap in (M,g) whose core contains x. 
(3) U is a C-component of (M,q). 

(4) U is an e round component of (M, 4g). 


Whether or not a point x € M has a (C,e)-canonical neighborhood in M is a 
scale invariant notion. 

The notion of (C,¢€)-canonical neighborhoods is sufficient for some purposes, but 
often we need a stronger notion. 


DEFINITION 9.78. Fix constants C < oo and « > 0. Let (M,G) be a gener- 
alized Ricci flow. An evolving e-neck defined for an interval of normalized time 
of length t' > 0 centered at a point x € M with t(x) = ¢t is an embedding 
w: S2 x (-e 1,74) +N CM, with « € w(S? x {0}) satisfying the following 
properties: 
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(1) There is an embedding N x (t — R(x)~1t/,t] — M compatible with time 
and the vector field. 

(2) The pullback under ~ of the one-parameter family of metrics on N deter- 
mined by restricting R(x)G to the image of this embedding is within ¢ in 
the Cl'/«-topology of the standard family (h(t), ds”), —t! < t < 0, where 
h(t) is the round metric of scalar curvature 1/(1 —t) on S? and ds? is the 
usual Euclidean metric on the interval (see Definition 2.16] for the notion 
of two families of metrics being close). 

A strong e-neck is the image of an evolving e-neck which is defined for an interval of 
normalized time of length 1. 

Both of these notions are scale invariant notions. 

Let (M,G) be a generalized Ricci flow. Let s € M be a point with t(z) = t. We 
say that an open neighborhood U of x in M; is a strong (C, €)-canonical neighborhood 
of x if one of the following holds 

(1) U is a strong e-neck in (M,G) centered at zx. 

(2) U is a (C,e)-cap in M; whose core contains x. 

(3) U is a C-component of M;. 

(4) U is an e round component of M;. 


Whether or not a point x in a generalized Ricci flow has a strong (C, €)-canonical 
neighborhood is a scale invariant notion. 


PROPOSITION 9.79. The following holds for any « < 1/4 and any C < oo. Let 
(M,G) be a generalized Ricci flow and let x € M be a point with t(x) = t. 

(1) Suppose that U C M; is a (C,€)-canonical neighborhood for x. Then for any 
horizontal metric G’ sufficiently close to Gly in the C!"/4-topology, (U,G'|y) is a 
(C,€) neighborhood for any x’ € U sufficiently close to x. 

(2) Suppose that in (M,G) there is an evolving e-neck U centered at (x,t) defined 
for an interval of normalized time of lengtha>1. Then any Ricci flow on U x (t— 
aR(a,t)—!,t] sufficiently close in the C!/4-topology to the pullback of G contains a 
strong e-neck centered at (x,t). 

(3) Given (C,€) and (C’,é) with C'’ > C and ¢ > « there is 6 > 0 such that the 
following holds. Suppose that R(x) < 2. If (U,g) is a (C,€)-canonical neighborhood 
of x then for any metric g! within 6 of g in the Cl!/4-topology (U,g') contains a 
(C", e')-neighborhood of x. 

(4) Suppose that g(t), -—1<t <0, is a one-parameter family of metrics on (U,g) 
that is a strong €-neck centered at (x,0) and Rg(x,0) =1. Then any one-parameter 
family g(t) within 6 in the CU/¢-topology of g with Rg (x,0) = 1 ts a strong e'-neck. 


PROOF. Since € < 1/4, the diameter of (U,g), the volume of (U,g), the supre- 
mum over x € U of R(x), the supremum over x and y in U of R(y)/R(x), and the 
infimum over all 2-planes P in HTU of K(P) are all continuous functions of the 
horizontal metric G in the Cl!/4-topology. 

Let us consider the first statement. Suppose (U, G7) is a C-component or an e- 
round component. Since the defining inequalities are strict, and, as we just remarked, 
the quantities in these inequalities vary continuously with the metric in the Cl!/4- 
topology the result is clear in this case. 
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Let us consider the case when U C M; is an e-neck centered at x. Let w: S? x 
(—e~!,e-!) = U be the map giving the e-neck structure. Then for all horizontal 
metrics G’ sufficiently close to G in the CU/4-topology the same map w is determines 
an e-neck centered at x for the structure (U,G"|y). Now let us consider moving x 
to a nearby point 2’, say 2’ is the image of (a,s) € S? x (—e~!,e~!). We pre- 
compose ~ by a map which is the product of the identity in the S?-factor with a 
diffeomorphism a on (—e~', e~') that is the identity near the ends and moves 0 to s. 
As x’ approaches x, s tends to zero, and hence we can choose a so that it tends to 
the identity in the C®-topology. Thus, for x’ sufficiently close to x, this composition 
will determine an e-neck structure centered at x’. Lastly, let us consider the case 
when (U, G|v) is a (C,€)-cap whose core Y contains x. Let G’ be a horizontal metric 
sufficiently close to G|y in the Cl/4_topology. Let N Cc U be the e-neck U \Y. We 
have just seen that (N,G’|y) is an e-neck. Similarly, if N’ Cc U is an eneck with 
central 2-sphere OY, then (N’,G"|,) is an e-neck if G’ is sufficiently close to G in 
the CU/4_topology. 

Thus, Conditions (1),(2), and (3) in the definition of a (C, €)-cap hold for (U, Gi,). 
Since the curvature, volume and diameter inequalities in Conditions (4), (5), and 
(6) are strict, they also hold for g’. To verify that Condition (7) holds for G’, we 
need only remark that r, is a continuous function of the metric. Lastly, since the 
derivative inequalities for the curvature in Condition (8) are strict inequalities and 
e—! > 4, if these inequalities hold for all horizontal metrics G’ sufficiently close to G 
in the Cl'/‘|-topology. This completes the examination of all cases and proves the 
first statement. 

The second statement is proved in the same way using the fact that if g’(t) is 
sufficiently close to g in the ClU/4-topology and if x’ is sufficiently close to x then 
Roe) <ansae)- 

Now let us turn to the third statement. The result is clear for «necks. Also, 
since R(#) < 2 the result is clear for e-round components and C-components as 
well. Lastly, we consider a (C,¢)-cap U whose core Y contains x. Clearly, since 
R(x) is bounded above by 2, for 6 > 0 sufficiently small, any metric g/ within 
6 of g will satisfy the diameter, volume and curvature and the derivative of the 
curvature inequalities with C’ replacing C. Let N be the e-neck in (U, g) containing 
the end of U. Assuming that 6 is sufficiently small, let N’ be the image of S? x 
(—e1, 2(e)~' — et). Then (N’,g') becomes an ¢/-neck structure once we shift the 
parameter in the s-direction by e~' — (e’)~'. We let U'’ = YUN". Clearly, the 
e-neck with central 2-sphere OY will also determine an ¢/-neck with the same central 
2-sphere provided that 6 > 0 is sufficiently small. Thus, for 6 > 0 sufficiently small, 
for any (C,¢) the result of this operation is a (C’,¢’)-cap with the same core. 

The fourth statement is immediate. O 





COROLLARY 9.80. In an ancient solution (M,g(t)) the set of points that are 
centers of strong €-necks is an open subset 


Proor. Let T be the final time of the flow. Suppose that (a,t) is the center of 
a strong e-neck U x (t — R(a,t)~!, t] C M x (—0o,0]. This neck extends backwards 
for all time and forwards until the final time T giving an embedding U x (—co, T] > 
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M x (—oo,T]. There is a > 1 such that for all t’ sufficiently close to t the restriction 
of this embedding determines an evolving e-neck centered at (x, t’) defined for an 
interval of normalized time of length a. Composing this neck structure with a 
self-diffeomorphism of U moving x’ to x, as described above, shows that all (2’,t’) 
sufficiently close to (a,t) are centers of strong e-necks. O 





DEFINITION 9.81. An e-tube T in a Riemannian 3-manifold M is a submanifold 
diffeomorphic to the product of S? with a non-degenerate interval with the following 
properties: 

(1) Each boundary component S of T is the central 2-sphere of an e-neck N(S) 
in M. 

(2) TZ is a union of e-necks and the closed half e-necks whose boundary sphere 
is a component of OT. Furthermore, the central 2-sphere of each of the 
e-necks is isotopic in T to the $?-factors of the product structure. 

An open e-tube is one without boundary. It is a union of e-necks with the central 
spheres that are isotopic to the 2-spheres of the product structure. 

A C-capped e-tube in M is a connected submanifold that is the union of a (C,€)- 
cap C and an open e-tube where the intersection of C with the e-tube is diffeomorphic 
to S? x (0,1) and contains an end of the e-tube and an end of the cap. A doubly 
C'-capped e-tube in M is a closed, connected submanifold of M that is the union 
of two (C,«€)-caps C; and C2 and an open e-tube. Furthermore, we require (i) that 
the cores Y; and Y2 of C; and C2 have disjoint closures, (ii) that the union of either 
C; with the e-tube is a capped e-tube and C; and C2 contain the opposite ends of 
the e-tube. There is one further closely related notion, that of an ¢-fibration. By 
definition an e-fibration is a closed, connected manifold that fibers over the circle 
with fibers S? that is also a union of e-necks with the property that the central 
2-sphere of each neck is isotopic to a fiber of the fibration structure. We shall not 
see this notion again until the appendix, but because it is clearly closely related to 
the notion of an e-tube, we introduce it here. 


See Fic. [2] 


DEFINITION 9.82. A strong e-tube in a generalized Ricci flow is an e-tube with 
the property that each point of the tube is the center of a strong e-neck in the 
generalized flow. 


8.2. Canonical neighborhoods for «-solutions. 


PROPOSITION 9.83. Let (M,g(t)) be a 3-dimensional K-solution. Then one of the 
following hold: 
(1) For every t < 0 the manifold (M, g(t)) has positive curvature. 
(2) (M,g(t)) is the product of an evolving family of round S?’s with a line. 
(3) M is diffeomorphic to a line bundle over RP?, and there is a finite covering 
of (M, g(t)) that is a flow as in (2). 


PROOF. Suppose that (M,g(t)) does not have positive curvature for some t. 
Then, by the application of the strong maximum principle given in Corollary [4.20} 
there is a covering M of M, with either one or 2-sheets, such that (IM, g(t)) is the 
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product of an evolving family of round surfaces with a flat one-manifold (either a 
circle or the real line). Of course, the covering must be «-solution. In the case in 
which (Mm ,g(t)) is isometric to the product of an evolving family of round surfaces 
and a circle, that circle has a fixed length, say LD < oo. Since the curvature of the 
surface in the t time-slice goes to zero as t — —oo, we see that the flow is not 
«-non-collapsed on all scales for any « > 0. Thus, (1, g(t)) has either a trivial cover 
or a double cover isometric to the product of a shrinking family of round surfaces 
with R. If the round surface is S$”, then we have established the result. If the round 
surface is RP? a further double covering is a product of round two-spheres with R. 
This proves the proposition. O 





LEMMA 9.84. Let (M,g(t)) be a non-compact 3-dimensional k-solution of positive 
curvature and let p € M. Then there is D' < ov, possibly depending on (M, g(0)) 
and p, such that every point of M x {0}\ B(p,0, D’R(p,0)~!/) is the center of an 
evolving e-neck in (M, g(t)) defined for an interval of normalized time of length 2. 
Furthermore, there is Di, < co such that for any point x € B(p,0, D!R(p,0)~'/?) 
and any 2-plane P, in T,M we have (D{)~' < K(P,)/R(p,0) < Di, where K(P,) 
denotes the sectional curvature in the direction of the 2-plane P,. 


PRooF. Given (IM, g(t)) and p, suppose that no such D’ < oo exists. Because 
the statement is scale invariant, we can arrange that R(p,0) = 1. Then we can finda 
sequence of points py € M with do(p, pp) — oo as k — oo such that no px is the center 
of an evolving e-neck in (M, g(0)) defined for an interval of normalized time of length 
2. By passing to a subsequence we can assume that one of two possibilities holds: 
either d?(p, pp) R(pr, 0) > co as k = 00 or limg_,.0d32(p, pp) R(pp, 0) = £ < co. In 
the first case, set \z, = R(px, 0) and consider the based flows (M, \z.g(A;'t), (pr, 9)). 
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According to Theorem after passing to a subsequence there is a geometric 
limit. Thus, by Theorem [5.35] and Corollary [4.19] the limit splits as a product of a 
2-dimensional «-solution and R. By Corollary [9.50] it follows that the limit is the 
standard round evolving cylinder. This implies that for all k sufficiently large (pz, 0) 
is the center of an evolving e-neck in (M, g(t)) defined for an interval of normalized 
time of length 2. This contradiction establishes the existence of D’ as required in 
this case. 

Now suppose that limp_..0d?(p, pr) R(pe, 0) = £ < 00. Of course, since do(p, pk) = 
oo, it must be the case that R(pz,,0) — 0 as k > oo. Set Q, = R(pz,0). By passing 
to a subsequence we can arrange that d2(p, pr)Qp < €+1 for all k. Consider the 
«-solutions (My, gx (t)) = (M, Qkg(Q;,'t))- For each k we have p € Bg, (pr, 0, +1), 
and Rg, (p,0) = OF — coas k— oo. This contradicts Lemma|9.65] and completes 
the proof of the existence of D as required in this case as well. 

The existence of D{ is immediate since the closure of the ball is compact and the 
manifold has positive curvature. O 





In fact a much stronger result is true. The constants D’ and Dj in the above 
lemma can be chosen independent of the non-compact «-solutions. 


PROPOSITION 9.85. For any 0 < € sufficiently small there are constants D = 
D(e) < oc and Dy = Dy(€) < c such that the following holds for any non-compact 
3-dimensional K-solution (M,g(t)) of positive curvature. Let p € M be a soul of 
(M,g(0)). Then: 

(1) Every point in M \ B(p,0,DR(p,0)~'/2) is the center of a strong €-neck in 
(M,g(t)). Furthermore, for any x € B(p,0,DR(p,0)~'/?) and any 2-plane 
P, in T,M we have 


Dy! < K(P;)/R(p,0) < Dy. 
Also, 
D,*R(p,0)~3/? < Vol(B(p, 0, DR(p,0)~*/?) < D2 R(p, 0)~3/?. 


(2) Let f denote the distance function from p. For any e-neck N Cc (M,4g(0)), 
the middle two-thirds of N is disjoint from p, and the central 2-sphere Sn 
of N is (topologically) isotopic in M \ {p} to f-*(a) for anya > 0. In 
particular, given two disjoint central 2-spheres of e-necks in (M,g(0)) the 
region of M bounded by these 2-spheres is diffeomorphic to S? x [0,1]. 


REMARK 9.86. In Part 1 of this theorem one can replace p by any point p’ € M 
that is not the center of a strong e-neck. 


PROOF. First suppose that no D exists so that the first statement holds. Then 
there is a sequence of such solutions (Mz, g%(t)), with p, € My being a soul of 
(Mx, 9%(0)) and points q, € My with d3 (px, qx)R(pr,0) + 00 as k — oo such that 
dz is not the center of a strong e-neck in (Mz, 9;,(0)). By rescaling we can assume 
that R(pz,0) = 1 for all k, and hence that do(pz,q,) — co. Then, according to 
Theorem [9.64] by passing to a subsequence we can assume that there is a geometric 
limit (Moo, Joo(t), (Poo, 0)) with R(po,0) = 1. By Lemma [19.10] provided that e€ 
is sufficiently small for all k the soul (pz,0) is not the center of a strong 2e-neck 
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in (Mx, gx (t)). Hence, invoking Part 4 of Proposition [9.79] and using the fact that 
R(pz,0) = 1 for all k and hence R(p..,0) = 1, we see that (po.,0) is not the center 
of a strong e-neck in (Mao, goo(t)). Since the manifolds M;, are non-compact and 
have metrics of positive curvature they are diffeomorphic to R® and in particular, do 
not contain embedded copies of RP?. Thus, the limit (Moo, goo(t)) is a non-compact 
«-solution containing no embedded copy of RP?. Thus, by Proposition [9.83] either 
it is positively curved or it is a Riemannian product S? times R. In the second 
case every point is the center of a strong e-neck. Since we have seen that the point 
(Poo, 9) is not the center of a strong e-neck, it follows that the limit is a positively 
curved «-solution. 

Then according to the previous lemma there is D’, depending on (Mo, goo(0)) 
and Poo, such that every point outside B(px.,0,D’) is the center of an evolving 
€/2-neck defined for an interval of normalized time of length 2. 

Now since (Mx, gx (t), (pe, 0)) converge geometrically to (Moo, Joo(t), (Poo, 0)), by 
Part 2 of Proposition [9.79] for any L < o, for all k sufficiently large, all points of 
B(px,0, L) \ B(pp,0,2D’) are centers of strong e-necks in (Mx, gx(t)). In particu- 
lar, for all k sufficiently large, do(px,q,) > L. Let Ly be a sequence tending to 
infinity as k > oo. Passing to a subsequence, we can suppose that every point of 
(B(px, 0, Le) \ B(pe,0,2D’)) C Mj, is the center of a strong «neck in (Mx, g,(0)). 
Of course, for all k sufficiently large, q, € Mz \ B(pp,0,2D’)). By Corollary [9.80] the 
subset of points in M;, x {0} that are centers of strong e-necks is an open set. Thus, 
replacing q;, with another point if necessary we can suppose that it gq, is a closest 
point to pz, contained in M; \ B(p,,0,2D’) with the property gq, is not the center of 
a strong e-neck. Then gq, € M; \ B(pz,0, Ly) and (qx, 0) is in the closure of the set 
of points in M; that are centers of strong e-necks in (Mz, g;,(t)), and hence by Part 
3 of Proposition [9.79] each (q,,0) is the center of a 2e-neck in (Mz, gz (t)). 

Let y, be a minimizing geodesic connecting (pz,0) to (qxz,0), and let uz be a 
minimizing geodesic ray from (qz,0) to infinity. Set Q, = R(qz,0). Since (qx, 0) is 
the center of a 2e-neck, from Lemma[2.20] we see that, provided that € is sufficiently 
small, the 2e-neck centered at q, separates p from co, so that yz, and pp, exit this 2e- 
neck at. opposite ends. According to Theorem [9.64] after passing to a subsequence, 
the based, rescaled flows 


(Mz, Qr9(Q;, 't); (ax, 0)) 


converge geometrically to a limit. Let (q.0,0) be the base point of the resulting 
limit. By Part 3 of Proposition [9.79] it is the center of a 4¢-neck in the limit. 


CLAIM 9.87. d2 (pe, dk)Qz — 00 as k > 00. 


PROOF. Suppose not. Then by passing to a subsequence we can suppose that 
these products are bounded independent of k. Then since do(px, qx) — 00, we see 
that Q, — 0. Thus, in the rescaled flows (My, Qxgx(Q;,'t)) the curvature at (p;, 0) 
goes to infinity. But this is impossible since the Q;.g,-distance from (pz, 0) to (qx, 0) 
is /Qxdo(pr; x) which is bounded independent of k and the scalar curvature of (p, 0) 
in the metric Qzgx(0) is R(pr,0)Q;,* = Ce tends to oo. Unbounded curvature at 
bounded distance contradicts Lemma|9.65] and this establishes the claim. O 
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A subsequence of the based flows (Mz, Qugn(Q;,t), (qx, 9)) converge geometri- 
cally to a «-solution. According Theorem[5.35] and Corollary [4.19] this limiting flow 
is the product of a 2-dimensional «-solution with a line. Since M is orientable, this 
2-dimensional «-solution is an evolving family of round 2-spheres. This implies that 
for all k sufficiently large, (q,,0) is the center of a strong e-neck in (Mz, gx(t)). This 
is a contradiction and proves the existence of D < co as stated in the proposition. 

Let (My, 9x (t), (pp, 0)) be a sequence of non-compact Ricci flows based at a soul pz 
of (Mx, 9%(0)). We rescale so that R(p,z,0) = 1. By Lemma [19.10] if € is sufficiently 
small, then py cannot be the center of an e-neck. It follows from Proposition 
that for any limit of a subsequence the point po., which is the limit of the pz, is 
not the center of an 2e-neck in the limit. Since the limit manifold is orientable, 
it is either contractible with strictly positive curvature or is a metric product of a 
round 2-sphere and the line. It follows that the limit manifold has strictly positive 
curvature at (Po.,0), and hence positive curvature everywhere. The existence of 
D, < & as required is now immediate from Theorem [9.64] 

The fact that any soul is disjoint from the middle two-thirds of any e-neck and 
the fact that the central 2-spheres of all e-necks are isotopic in M \ {p} are contained 


in Lemma [19.10] and Corollary 


COROLLARY 9.88. There is €2 > 0 such that for any 0 < € < € the following 
holds. There is Co = Co(e) such that for any K > 0 and any non-compact 3- 
dimensional k-solution not containing an embedded RP? with trivial normal bundle, 
the zero time-slice is either a strong e-tube or a Co-capped strong €-tube. 





ProoFr. For € > 0 sufficiently small let D(e) and Dj(e) be as in the previous 
corollary. At the expenses of increasing these, we can assume that they are at least 
the constant C in Corollary [9-71] We set 


Co(e) = max(D(e), Di(e)). 


If the non-compact «-solution has positive curvature, then the corollary follows 
immediately from Proposition and Corollary If the «-solution is the 
product of an evolving round S? with the line, then every point of the zero time- 
slice is the center of a strong e-neck for every € > 0 so that the zero time-slice of the 
solution is a strong €-tube. Suppose the solution is double covered by the product of 
an evolving round 2-sphere and the line. Let v be the involution and take the product 
coordinates so that. S? x {0} is the invariant 2-sphere of z in the zero time-slice. Then 
any point in the zero time-slice at distance at least 3e~! from P = (S$? x {0})/z is 
the center of a strong e-neck. Furthermore, an appropriate neighborhood of P in 
the time zero slice is a (C,€)-cap whose core contains the 3e~! neighborhood of P. 
The derivative bounds in this case come from the fact that the metric is close in the 
Cl/4_topology to the standard evolving flow. This proves the corollary in this case 
and hence completes the proof. O 





Now let us consider compact «-solutions. 


THEOREM 9.89. There is €3 > 0 such that for every 0 < € < €3 there is Cy = 
Ci(e) < oo such that one of the following holds for any & > 0 and any compact 
3-dimensional K-solution (M, g(t)). 
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(1) The manifold M is compact and of constant positive sectional curvature. 

(2) The diameter of (M,g(0)) is less than Cy-(maxzeyyR(x,0))~'/?, and M is 
diffeomorphic to either S° or RP?®. 

(3) (M,9(0)) is a double C\-capped strong €-tube. 


ProoF. First notice that if (14, g(t)) is not of strictly positive curvature, then 
the universal covering of (M,g(0)) is a Riemannian product S$? x R, and hence 
(M, g(0)) is either non-compact or finitely covered by the product flow on S? x S!, 
The former case is ruled out since we are assuming that M is compact and the latter 
is ruled out because such flows are not «-non-collapsed for any k > 0. We conclude 
that (MM, g(t)) is of positive curvature. This implies that the fundamental group 
of M is finite. If there were an embedded RP? in M with trivial normal bundle, 
that RP? cannot separate (since the Euler characteristic of RP? is one, it is not the 
boundary of a compact 3-manifold). But a non-separating surface in M induces a 
surjective homomorphism of H;(M/) onto Z. We conclude from this that M does 
not contain an embedded RP? with trivial normal bundle. 

We assume that (/,g(0)) is not round so that by Proposition there is a 
universal Ko > 0 such that (M,g(0)) is a Ko-solution. Let Co(e) be the constant 
from Corollary [9.88] 


CLAIM 9.90. Assuming that (M,g(0)) is compact but not of constant positive sec- 
tional curvature, for each € > 0 there is Cy such that if the diameter of (M,g(0)) 
is greater than C(maxzeyR(x,0))~!/? then every point of (M,g(0)) is either con- 
tained in the core of (Co(e), €)-cap or is the center of a strong e-neck in (M, g(t)). 


PROOF. Suppose that for some € > 0 there is no such C,. Then we take a se- 
quence of constants C7, that diverges to +00 as k — oo and asequence (Mx, gx (t), (pe, 0)) 
of based ko-solutions such that the diameter of (Mj, 0) is greater than C/,R~!/?(p,, 0) 
and yet (pz,0) is not contained in the core of a (Co(e),€)-cap nor is the center 
of a strong e-neck. We scale (Mz, 9x(t)) by R(p,,0). This allows us to assume 
that R(p,,0) = 1 for all k. According to Theorem after passing to a sub- 
sequence we can assume these based «-solutions converge to a based «-solution 
(Moo; Joo(t), (Poo, 0)). Since the diameters of the (M;, 9,(0)) go to infinity, Mx is 
non-compact. According to Corollary the point poo is either the center of a 
strong e-neck, or is contained in the core of a (Co(e), €)-cap. Since R(pz,0) = 1 for 
all k, it follows from Parts 1 and 4 of Proposition that for all k sufficiently 
large, (pz, 0) is either the center of a strong e-neck in (Mz, g,(t)) or is contained in 
the core of a (Co(e), €)-cap. This is a contradiction, proving the claim. O 


Now it follows from Proposition [19.25] that if the diameter of (M, g(0)) is greater 
than Cy(max,¢ R(x, 0))~!/? and if it is not of constant positive curvature, then M 
is diffeomorphic to either S°, RP?, RP?#RP?® or is a $?-fibration over S'. On the 
other hand, since M is compact of positive curvature its fundamental group is finite, 
see Theorem 4.1 on p. 154 of [57]. This rules out the last two cases. This implies 
that when (M,g(0)) has diameter greater than C)(max;zeyR(x,0))~!/2 and is not 
of constant positive curvature, it is a double Co-capped e-tube. 

We must consider the case when (MV, g(0)) is not of constant positive curvature 
and its diameter is less than or equal to Ci(maxzey R(x,0))~!/?. Since (M, g(0)) 
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is not round, by Corollary its asymptotic soliton is not compact. Thus, by 
Theorem [9.42] its asymptotic soliton is either S? x R or is double covered by this 
product. This means that for t sufficiently negative the diameter of (M, g(t)) is 
ereater than Cy(maxzeuR(x,0))~!/?. Invoking the previous result for this negative 
time tells us that M is diffeomorphic to S? or RP®. O 


PROPOSITION 9.91. Let €2 and €3 be as in Corollary [9.88] and Theorem [9.89 
respectively. For each 0 < € < min(€2,€3) let Cy, = Cy(e) be as in Theorem [9.89 
There is Cz = C(€) < oo such that for any k > 0 and any compact K-solution 
(M, g(t)) the following holds. If (M,g(0)) is not of constant positive curvature and 
if (M, g(0)) is of diameter less than C\(maxzem R(x,0))~!/? then for any x € M we 
have 





Cx1R(x,0)~9/? < Vol(M, g(0)) < CyR(a,0)~3/2. 
In addition, for any y © M and any 2-plane Py in TyM we have 
1 K(P,) 
C2 eo, 
> R(w,0) > 
where K(Py) is the sectional curvature in the Py-direction. 
PROOF. The result is immediate from Corollary and Theorem [9.64] O 


REMARK 9.92. For a round «-solution (M,g(t)) we have R(x,0) = R(y,0) for 
all x,y € M, and the volume of (M,g(0)) is bounded above by a constant times 
R(«,0)~*/?. There is no universal lower bound to the volume in terms of the cur- 
vature. The lower bound takes the form C|7,(M)|~!R(a, 0)~?/2, where |m,(M)| is 
the order of the fundamental group 71(/). 





Let us summarize our results. 


THEOREM 9.93. There is € > 0 such that the following is true for anyO<e€<€. 
There is C = C(e) such that for any « > 0 and any «-solution (M,g(t)) one of the 
following holds. 

(1) (M, g(t)) is round for allt < 0. In this case M is diffeomorphic to the 
quotient of S® by a finite subgroup of SO(A4) acting freely. 

(2) (M,g9(0)) is compact and of positive curvature. For any x,y € M and any 
2-plane Py in TyM we have 


C7? R(x,0)-! <diam(M,9(0)) < CR(x,0)~1/? 
Co!R(x,0)~3/2 << Vol(M,g(0)) << CR(x,0)~3/? 
C7 R(a,0) < K(P,) < CR(z,0). 
In this case M is diffeomorphic either to S° or to RP?. 
(3) (M,9(0)) is of positive curvature and is a double C-capped strong «-tube, 
and in particular M is diffeomorphic to S° or to RP?. 
(4) (M,g(0)) is of positive curvature and is a C-capped strong «-tube and M is 
diffeomorphic to R°. 
(5) (M,g(0)) is isometric to the quotient of the product of a round S? and R 


by a free, orientation-preserving involution. It is a C-capped strong e€-tube 
and is diffeomorphic to a punctured RP?. 


248 9. k-NON-COLLAPSED ANCIENT SOLUTIONS 


(6) (M,g(0)) is isometric to the product of a round S? and R and is a strong 
e-tube. 

(7) (M,g(0)) is isometric to a product RP? x R, where the metric on RP? is 
of constant Gaussian curvature. 

In particular, in all cases except the first two and the last one, all points of 
(M,9(0)) are either contained in the core of a (C,¢)-cap or are the centers of a 
strong €-neck in (M, g(0)). 

Lastly, in all cases we have 


IV R(p, t)| 

(9.33) SUPpeM,t<0 R(p, t)3/2 <0 
|OR(p, t)/dt| 

(9.34) SUPpEM,t<0 R(p, t)? aC 


An immediate consequence of this result is: 


COROLLARY 9.94. For every 0 <e€< @ there is C = C(e) < co such that every 
point in a k-solution has a strong (C,«€)-canonical neighborhood unless the -solution 
is a product RP? x R. 


COROLLARY 9.95. Fir 0 <e <@, and let C(e) be as in the last corollary. Sup- 
pose that (Mn,Gn,tn) 1s a sequence of based, generalized Ricci flows with t(x,) = 
0 for all n. Suppose that none of the time-slices of the M,, contain embedded 
RP?’s with trivial normal bundle. Suppose also that there is a smooth limiting flow 
(Moo; Joo(t), (%o0,0)) defined for —co < t < 0 that is a K-solution. Then for all n 
sufficiently large x, has a strong (C,¢€)-canonical neighborhood in (Mn, Gn, @n)- 


PRoor. The limiting manifold M,, cannot contain an embedded RP? with triv- 
ial normal bundle. Hence, by the previous corollary, the point (%.,0) has a strong 
(C, €)-canonical neighborhood in the limiting flow. If the limiting «-solution is round, 
then for all n sufficiently large x, is contained in a component of the zero time-slice 
that is e-round. If (a .,0) is contained in a C-component of the zero time-slice of the 
limiting «-solution, then for all n sufficiently large x, is contained in a C-component 
of the zero time-slice of M,,. Suppose that (2,0) is the center of a strong e-neck in 
the limiting flow. This neck extends backwards in the limiting solution some amount 
past an interval of normalized time of length 1, where by continuity it is an evolving 
e-neck defined backwards for an interval of normalized time of length greater than 
1. Then by Part 2 of Proposition [9.79] any family of metrics on this neck sufficiently 
close to the limiting metric will determine an strong e-neck. This implies that for 
all n sufficiently large x, is the center of a strong e-neck in (M,,,G,). Lastly, if 
(Zo, 0) is contained in the core of a (C,€)-cap in the limiting flow, then by Part 1 of 
Proposition [9.79] for all n sufficiently large x,, is contained in the core of a (C,€)-cap 
in (Mn, Gn). O 





CHAPTER 10 


Bounded curvature at bounded distance 


This chapter is devoted to Perelman’s result about bounded curvature at bounded 
distance for blow-up limits. Crucial to the argument is that each member of the 
sequence of generalized Ricci flows has curvature pinched toward positive and also 
has strong canonical neighborhoods. 


1. Pinching toward positive: the definitions 


In this section we give the definition of what it means for a generalized Ricci flow 
to have curvature pinched toward positive. This is the obvious generalization of the 
corresponding notion for Ricci flows. 


DEFINITION 10.1. Let (M,G) bea generalized three-dimensional Ricci flow whose 
domain of definition is contained in [0,00). For each x € M, let v(x) be the smallest 
eigenvalue of Rm(z) on NPT Mele); as measured with respect to a G(x)-orthonormal 
basis for the horizontal space at x, and set X(x) = max(0,—v(x)). We say that 
(M,G) has curvature pinched toward positive if, for all x € M, if the following two 
inequalities hold: 

(1) ‘ 
So. 
Ra) 2 TS aecay’ 
(2) 
R(x) > 2X (x) (logX (x) + log(1 + t(x)) — 3), 
whenever 0 < X(z). 


According to Theorem [4.32] if (M,g(t)), 0 < a<t< T, is Ricci flow with M@ 
a compact three-manifold, and if the two conditions given in the definition hold at 
the initial time a, then they hold for all t € [a,T). In particular, if a = 0 and 
if |Rm(p,0)| < 1 for all p € M, then the curvature of the flow is pinched toward 
positive. 

Next we fix €9 > 0 sufficiently small such that for any 0 < € < €g all the results 
of the Appendix hold for 2e and a = 10~?, and Proposition [2.19] holds for 2e. 


2. The statement of the theorem 


Here is the statement of the main theorem of this chapter, the theorem that 
establishes bounded curvature at bounded distance for blow-up limits. 


THEOREM 10.2. Fit 0 < € < €— and C < ow. Then for each A < co there 
are Do < © and D < o depending on A, € and C such that the following holds. 
Suppose that (M,G) is a generalized three-dimensional Ricci flow whose interval of 
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definition is contained in [0,00), and suppose thatx € M. Sett =t(x). We suppose 
that these data satisfy the following: 


(1) (M,G) has curvature pinched toward positive. 
(2) Every point y © M with R(y) > 4R(x) and t(y) < t has a strong (C,e)- 
canonical neighborhood. 


If R(x) > Do, then R(y) < DR(a) for all y € B(a,t, AR(x)~'/2). 


This chapter is devoted to the proof of this theorem. The proof is by contradic- 
tion. Suppose that there is some Ag < oo for which the result fails. Then there are 
a sequence of generalized three-dimensional Ricci flows (Mn, Gn) whose intervals of 
definition are contained in [0,00) and whose curvatures are pinched toward positive. 
Also, there are points 7, € M, satisfying the second condition given in the theorem 
and points y, € M, such that for all n we have: 





(1): Timmy 5634 ( ay) = 60. 
(2) t(Yn) = t(rn), 
(3) A(Xn, Yn) < Ao R(a n) wae 
(4) 
lim RWn) = 0O 


For the rest of this chapter we assume that such a sequence of generalized Ricci 
flows exists. We shall eventually derive a contradiction. 

Let us sketch how the argument goes. We show that there is a (partial) geometric 
blow-up limit of the sequence (M,,,G,,) based at the x,. We shall see that the 
following hold for this limit. It is an incomplete manifold U,, diffeomorphic to 
S? x (0,1) with the property that the diameter of U.. is finite and the curvature 
goes to infinity at one end of Ux, an end denoted €, while remaining bounded at the 
other end. (The non-compact manifold in question is diffeomorphic to S$? x (0,1) 
and, consequently, it has two ends.) Every point of U,, sufficiently close to € is 
the center of a 2e-neck in U,,. In fact, there is a partial geometric limiting flow on 
Us so that these points are centers of evolving 2e-necks. Having constructed this 
incomplete blow-up limit of the original sequence we then consider further blow-up 
limits about the end €, the end where the scalar curvature goes to infinity. On the 
one hand, a direct argument shows that a sequence of rescalings of U.. around points 
converging to the end € converge in the Gromov-Hausdorff sense to a cone. On the 
other hand, a slightly different sequence of rescalings at the same points converges 
geometrically to a limiting non-flat Ricci flow. Since both limits are non-degenerate 
three-dimensional spaces, we show that the ratio of the rescaling factors used to 
construct them converges to a finite, non-zero limit. This means that the two limits 
differ only by an overall constant factor. That is to say the geometric blow-up limit 
is isometric to an open subset of a non-flat cone. This contradicts Hamilton’s result 
(Theorem |4.22}) which says that it is not possible to flow under the Ricci flow to an 
open subset of a non-flat cone. Now we carry out all the steps in this argument. 
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3. The incomplete geometric limit 


We fix a sequence (M,,,Gn,2n) of generalized Ricci flows as above. The first 
step is to shift and rescale this sequence of generalized Ricci flows so that we can 
form an (incomplete) geometric limit which will be a tube of finite length with scalar 
curvature going to infinity at one end. 

We shift the time parameter of (M,,G,,) by —t(x,). We change notation and 
denote these shifted flows by (M,,G,,). This allows us to arrange that t(z,) = 0 
for all n. Since shifting leaves the curvature unchanged, the shifted flows satisfy a 
weaker version of curvature pinched toward positive. Namely, for the shifted flows 
we have 


> -6 
(10.1) R(z) > 2X(x) (log(X(z)) — 3). 


We set Q, = R(x), and we denote by M,, the 0-time-slice of M,,. We rescale 
(Mn,Gn) by Qn. Denote by (M/,, Gi.) the rescaled (and shifted) generalized flows. 
For the rest of this argument we implicity use the metrics G',. If we are referring to 
Gy we mention it explicitly. 


3.1. The sequence of tubes. Let y,, be asmooth path in Bg, (an, 0, Aso, ) 
from ap to Yn. For all n sufficiently large we have Rg: (yn) > 1. Thus, there is a 
point 2, € Yn such that Re (z,) = 4 and such that on the sub-path Yn|(z,, y,,] We have 
Ra, = 4. We replace 7 by this sub-path. Now, with this replacement, according 
to the second condition in the statement of the theorem, every point of y, has a 
strong (C,€) canonical neighborhood. As n tends to infinity the ratio of R(yn)/R(zn) 
tends to infinity. This means that for all n sufficiently large, no point of yp, can be 
contained in an e-round component or a C-component, because if it were then all of 
Yn would be contained in that component, contradicting the fact that the curvature 
ratio is arbitrarily large for large n. Hence, for n sufficiently large, every point of 
Yn is either contained in the core of a (C,¢)-cap or is the center of a strong e-neck. 
According to Proposition [19.21] for all n sufficiently large y, is contained an open 
submanifold X,, of the zero time-slice of M/, that is one of the following: 


(1) an etube and both endpoints of 7, are centers of e-necks contained in Xp, 

(2) a C-capped e-tube with cap C, and each endpoint of 7, either is contained 
in the core Y of C or is the center of an e-neck contained in Xn, 

(3) a double C-capped e-tube, or finally 

(4) the union of two (C,€)-caps. 

The fourth possibility is incompatible with the fact that the ratio of the curvatures 
at the endpoints of 7, grows arbitrarily large as n tends to infinity. Hence, this fourth 
possibility cannot occur for n sufficiently large. Thus, for all n sufficiently large Xp, 
is one of the first three types listed above. 


CLAIM 10.3. There is a geodesic Yn, in Xp, with endpoints zy, and yn. This geodesic 
is minimizing among all paths in Xp, from Zn to Yn. 


PROOF. This is clear in the third case since X,, is a closed manifold. 
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Let us consider the first case. There are e-necks N(z,) and N(yn) centered at zp 
and y, and contained in X,,. Suppose first that the central 2-spheres $(z,,) and S(yn) 
of these necks are disjoint. Then they are the boundary of a compact sumanifold 
X! of X,. It follows easily from Lemma[19.I]that any sequence of minimizing paths 
from Zp to yn is contained in the union of Xj, with the middle halves of N(z,) and 
N(yn). Since this manifold has compact closure in X,,, the usual arguments show 
that one can extract a limit of a subsequence which is a minimizing geodesic in 
Xp from zp to yn. If S(2zn) A S(yn) 4 9, then yp is contained in the middle half of 
N(Zn), and again it follows immediately from Lemma[19.1|that there is a minimizing 
geodesic in N(z,,) between these points. 

Now let us consider the second case. If each of z, and yp, is the center of an 
e-neck in X,, the argument as in the first case applies. If both points are contained 
in the core of C then, since that core has compact closure in X,, the result is again 
immediate. Lastly, suppose that one of the points, we can assume by the symmetry 
of the roles of the points that it is z,, is the center of an e-neck N(z,) in X, and 
the other is contained in the core of C. Suppose that the central 2-sphere S(z,,) of 
N(Zp) meets the core Y of C. Then 2, lies in the half of the neck N = C \ Y whose 
closure contains the frontier of Y. Orient sy so that this half is the positive half. 
Thus, by Lemma [19.1] any minimizing sequence of paths from z,, to yy, is eventually 
contained in the union of the core of C and the the positive three-quarters of this 
neck. Hence, as before we can pass to a limit and construct a minimizing geodesic 
in X, connecting z, to yn. On the other hand, if S(z,,) is disjoint from Y, then 
SZ) separates X,, into a compact complementary component and a non-compact 
complementary component and the compact complementary component contains Y. 
Orient the sy-direction so that the compact complementary component lies on the 
positive side of S(z,,). Then any minimizing sequence of paths in X,, from zp, to Yn 
is eventually contained in the union of the compact complementary component of 
N(Zn) and the positive 3/4’s of N(z,). As before, this allows us to pass to a limit 
to obtain a minimizing geodesic in Xp. O 





This claim allows us to assume (as we now shall) that 7, is a minimizing geodesic 
in X, from zp to Yn. 


CLAIM 10.4. For every n sufficiently large, there is a sub-geodesic yj, of Yn with 
end points z}, and yj, such that the following hold: 


(1) The length of yj, is bounded independent of n. 

(2) R(z,) is bounded independent of n. 

(3) R(yj,) tends to infinity as n tends to infinity. 

(4) 4), is contained in a strong e-tube T,, that is the union of a balanced chain 
of strong €-necks centered at points of yj,. The first element in this chain is 
a strong e-neck N(z},) centered at z},. The last element is a strong €-neck 
containing yf,. 

(5) For every x € T,, we have R(x) > 3 and x is the center of a strong e-neck 
in the flow (Mi/,,G'). 


ProoF. The first item is clear since, for all n, the geodesic y, has G,-length at 
most AgQn 1/2 and hence G'_-length at most Ag. Suppose that we have a (C, «€)-cap 
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C whose core Y contains a point of y,. Let N be the e-neck that is the complement 
of the closure of Y in C, and let Y be the union of Y and the closed negative half of 
N. We claim that Y contains either Zn OF Yn. By Corollary [19.8] since Y contains a 
point of y,, the intersection of Y with Yn is a subinterval containing one of the end 
points of Yn, i-e., either z, or yn. This means that any point w which is contained 
in a (C,¢€)-cap whose core contains a point of yp, must satisfy one of the following: 


R(w) <CR(z,) or R(w) > C7 R(y},). 


We pass to a subsequence so that R(yn)/R(zn) > 4C? for all n, and we pass to 

a subinterval y/, of y, with endpoints z/, and y/, such that: 

(1) R(zi,) = 2CR(z) 

(2) R(y).) = 2C) Rn) 

(3) R(zh) < R(w) < R(y),) for all w € 7, 
Clearly, with these choices R(z/,) is bounded independent of n and R(yj,) tends 
to infinity as n tends to infinity. Also, no point of 7, is contained in the core of 
a (C,e)-cap. Since every point of 7/, has a strong (C,¢)-canonical neighborhood, 
it follows that every point of yj, is the center of a strong e-neck. It now follows 
from Proposition [19.19] that there is a balanced ¢-chain consisting of strong e-necks 
centered at points of 7/, whose union contains 7/,. (Even if the 2-spheres of these 
necks do not separate the zero time-slice of M/,, as we build the balanced e-chain 
as described in Proposition [19.19] the new necks we add can not meet the negative 
end of N(z/,) since the geodesic ¥/, is minimal.) We can take the first element in the 
balanced chain to be a strong e-neck N(z/,) centered at zj,, and the last element to 
be a strong e-neck N,* containing yj, The union of this chain is T,,. (See Fic. [I]) 





( Ones Gacy Pe) 


FIGURE 1. Limiting tube 


Next, we show that every point of T;, is the center of a strong e-neck in (M,,, G,). 
We must rule out the possibility that there is a point of T,, that is contained in the 
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core of a (C,e)-cap. Since T), is a union of e-necks centered at points of 7, we see 
that every point w € T;,, has 


(3C/2)R(zn) < R(w) < (2/3C)R(yn): 


This tells us that no point of T;, is contained in a (C,¢)-cap whose core contains 
a point of y,. Thus, to complete the argument we need only see that if there is a 
point of T,, contained in the core of a (C,¢)-cap then the core of that (C,«€)-cap also 
contains a point of y,. The scalar curvature inequality implies that both z, and yy, 
are outside T,,. This means that y,, traverses T,, from one end to the other. Let w_, 
resp. w+, be the point of 7, that lies in the frontier of T,, contained in the closure of 
the N(z/,), resp. N,t. Since the scalar curvatures at these two points of y satisfy the 
weak version of the above inequalities, we see that there are strong e-necks N(w_) 
and N(w4) centered at them. Let T, be the union of Ty, N(w_) and N(w4). It is 
also a strong ¢-tube, and every point w of T satisfies 


(1.1)CR(zn) < R(t) < (0.9)C7* R(yn). 


Thus, 2, and yy are disjoint from T,, and hence 7 crosses T., from one end to the 
other. 

Now suppose that T;, meets the core Y of a (C,«€)-cap C. Consider the boundary 
S of the closure of Y. If it is disjoint from 7; then T;, is contained in the core Y. 
For large n this is inconsistent with the fact that the ratio of the scalar curvature 
at the endpoints of 7/, goes to infinity. Thus, we are left to consider the case when 
S contains a point of the tube T;,. In this case S is completely contained in fem and 
by Corollary [19.3] .S is isotopic to the 2-spheres of the product decomposition of T),. 
Hence, S' meets a point of 7, and consequently the core Y contains a point of Yn. 
But we have already seen that this is not possible. 

Lastly, we must show that R(«) > 3 for every x € T,. We have just seen that 
every x € T), is the center of an e-neck. If x is contained in the e-neck centered at 
zi or yj,, then since R(z/,) > 4 and R(y/,) > 4, clearly R(x) > 3. We must consider 
the case when x is not contained in either of these e-necks. In this case the central 
2-sphere S,of the e-neck centered at x is contained in the compact submanifold of 
T,, bounded by the central 2-spheres of the necks centered at z}, and y/,. These 2- 
spheres are disjoint and by Condition 4 in Proposition [19.1]]each is a homotopically 
non-trivial 2-sphere in T’. Hence, the compact manifold with their disjoint union 
as boundary is diffeomorphic to S? x [0,1] and, again according to Condition 4 of 
Proposition[19.11] S, is isotopic to the 2-sphere factor in this product decomposition. 
Since the intersection of 7/, with this submanifold is an arc spanning from one 
boundary component to the other, S; must meet ¥j,, in say w. By construction, 
since w € yj, we have R(w) > 4. This implies that R(x) > 3. This completes the 
proof of the claim. O 





3.2. Extracting a limit of a subsequence of the tubes. Passing to a sub- 
sequence we arrange that the R(z/,) converge. Now consider the subset A C R 
consisting of all A > 0 such that there is a uniform bound, independent of n, for 
the curvature on B(zj,,A)T,. The set A is non-empty since R(z/,) is bounded 
independent of n and for every n there is a strong e-neck N(z/,) centered at z/, 
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contained in T,. On the other hand, since dg (z;,,y/,) is uniformly bounded and 
R(yf,.) — oo, there is a finite upper bound for A. Let A; be the least upper bound 
of A. We set U;, = T, 9 B(z},, Ai). This is an open subset of T;, containing zj,. We 
let gf, = Gi,|Un. 


CLAIM 10.5. For all n sufficiently large, 3R(z!,)~'/2e—1/2 is less than A,, and 
hence U,, contains the strong e-neck N(z/,) centered at z},. 


Proor. The curvature on N(z/,) is bounded independent of n. Consider a point 
w near the end of N(z},) that separates y}, from z/,. It is also the center of a strong 
eneck N(w). By Proposition and our assumption that « < ¢(10~7), the 
scalar curvature on N(z/,) U N(w) is between (0.9) R(z},) and (1.1) R(zj,). Since, by 
construction, the negative end of N(z/,) contains an end of T,,, this implies that 


N(z,) UN(w) > B(z!,, 7R(2!,)- 26-4 /4) N Ta, 


so that we see that Ay > 7e~limy_.ooR(z/,)~/?/4. Thus, Ay > 3R(z/,)~ be! /2 for 
all n sufficiently large. Obviously then U,, contains N(z/,). O 





The next claim uses terminology from Definition 


CLAIM 10.6. For any 6 > 0 there is a uniform bound, independent of n, for the 
curvature on Regs(Un, gi,)- 


PROOF. To prove this it suffices to show that given 6 > 0 there is A < A; such 
that Regs(Un, g},) C B(z,, A) for all n sufficiently large. Of course, if we establish 
this for every 6 > 0 sufficiently small, then it follows for all 6 > 0. First of all, by 
Corollary and Lemma the fact that « < €(10~7) implies that any point 
w with the property that the strong «neighborhood centered at w contains z/, is 
contained in the ball of radius (1.1)R(z!,)~'/e-! < A, centered at z/. Thus, it 
suffices to consider points wy, in Regs(Un,g},) with the property that the strong e- 
neck centered at w, does not contain z),. Fix such a w,. Take a path ,(s) starting 
at wn moving in the s-direction at unit speed measured in the s-coordinate of the 
e-neck centered at w,, away from zj, and ending at the frontier of this neck. Let uw, 
be the final point of this path. The rescaled version of Lemma implies that the 
forward difference quotient for the distance from 2z/, satisfies 


d 
(0.99) R(wn)-M/? < T(z, Hn(8)) S (1.01) Rw)". 
Of course, since we are working in an e-neck we also have 


d(d(wn, Un Z 
(1 — €)R(wp)7/? < Manel) < (1 4+6)R(wp)7!/?. 
We continue the path yz, moving in the s-direction of a neck centered at u,;. Applying 


Lemma again both to the distance from wy, and the distance from 27, yields: 


(0.99) R(u,)~1/? = Mae Hnk ))) < (1.01) R(u)~1/? 


(0.99) R(t)? < Aen Hal) < (1.01) Rl)? 
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on this part of the path pz,. We repeat this process as many times as necessary until 
we reach a point w), € U,, at distance 6/2 from w,,. This is possible since the ball of 
radius 6 centered at wy, is contained in U,. By the difference quotient inequalities, 
it follows that d(zj,,w',) — d(zj,,wn) > 6/4. Since wi, € U;, and consequently that 
d(zi,,wi,) < Ai. It follows that d(zj,,wn) < Ai — 6/4. This proves that, for all 
n sufficiently large, Regs(Un,g),) C B(z),,A1 — 6/4), and consequently that the 
curvature on Regs(U;,, g},) is bounded independent of n. O 


By Shi’s theorem (Theorem [3.28), the fact that each point of U, is the center 
of a strong e-neck means that there is a bound, independent of n, on all covariant 
derivatives of the curvature at any point of U,, in terms of the bound on the curvature 
at the center point. In particular, because of the previous result, we see that for any 
€ > 0 and any ¢ > 0 there is a uniform bound for |V’Rm| on Reg; (Un, gj,). Clearly, 
since the base point z/, has bounded curvature it lies in Reg;(Un, g/,) for sufficiently 
small 6 (how small being independent of n). Lastly, the fact that every point in 
U,, is the center of an e-neighborhood implies that (U;,gj,) is « non-collapsed on 
scales < r9 where both « and ro are universal. Since the 7/, have uniformly bounded 
lengths, the e-tubes T’, have uniformly bounded diameter. Also, we have seen that 
their have curvatures are bounded from below by 3. It follows that their volumes 
are uniformly bounded. Now invoking Theorem we see that after passing to a 
subsequence we have a geometric limit (Uso, Joo; Zoo) of a subsequence of (Un, gf,, 2),)- 





3.3. Properties of the limiting tube. Now we come to a result establishing 
all the properties we need for the limiting manifold. 


PROPOSITION 10.7. The geometric limit (Uso, Joo, Zoo) 18 an incomplete Riemann- 
ian 3-manifold of finite diameter. There is a diffeomorphism w: Us, — S? x (0,1). 
There is a 2e-neck centered at %. whose central 2-sphere S?(zo0) maps under y to 
a 2-sphere isotopic to a 2-sphere factor in the product decomposition. The scalar 
curvature is bounded at one end of Ux but tends to infinity at the other end, the 
latter end which is denoted E€. Let Us, C Us X (—00, 0] be the open subset consisting 
of all (x,t) for which —R(x)~! <t <0. We have a generalized Ricci flow on Us. 
which is a partial geometric limit of a subsequence of the generalized Ricci flows 
(M!_,Gi,,2),). In particular, the zero-time slice of the limit flow is (Usxc,goo). The 
Riemannian curvature is non-negative at all points of the limiting smooth flow on 
Ux. Every point x € Ux. x {0} which is not separated from E by S?(zo0) is the center 
of an evolving 2e-neck N(a) defined for an interval of normalized time of length 1/2. 
Furthermore, the central 2-sphere of N(x) is isotopic to the 2-sphere factor of Ux 
under the diffeomorphism w (see Fic. [i]. 


The proof of this proposition occupies the rest of Chapter [3] 


Proor. Let Vi C V2 C --- C Ux be the open subsets and yn: Vn — Un be the 
maps having all the properties stated in Definition so as to exhibit (Uso, goo; 200) 
as the geometric limit of the (Un, gf,, Z},). 

Since the U,, are all contained in B(z/,, A,), it follows that any point of Ux is 
within A; of the limiting base point z.. This proves that the diameter of U. is 
bounded. 
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For each n there is the e-neck N(z},) centered at z}, contained in U,. The middle 
two-thirds, N;, of this neck has closure contained in Reg;(Un, gn) for some 6 > 0 
independent of n (in fact, restricting to n sufficiently large, 6 can be taken to be 
approximately equal to R(z..)~!/2e7!/3). This means that for some n sufficiently 
large and for all m > n the image ¢,,(V,) C Um contains N/,. For any fixed n 
as m tends to infinity the metrics y*,gm|v, converge uniformly in the C™-topology 
tO Joolvy,. Thus, it follows from Proposition [9.79] that for all m sufficiently large, 
y,,i(Ni,) is a 3¢/2-neck centered at 2. We fix such a neck N’(z.9) C Uso. Let 
S(Zo0) be the central 2-sphere of N’(z..). For each n sufficiently large, yn (S'\(Z00)) 
separates U,, into two components, one, say W,, contained in N(z/,) and the other, 
W,? containing all of U, \ N(z,). It follows that S(z.) separates Us. into two 
components, one, denoted W, where the curvature is bounded (and where, in fact, 
the curvature is close to R(z..)) and the other, denoted W3, where it is unbounded. 


CLAIM 10.8. Any point q € Wx, is the center of a 2e-neck in Uso. 


Proor. Fix a point q € W3. For all n sufficiently large denote by gn = Yn(q). 
Then for all n sufficiently large, g, € W,* and limnp+.oR(qnr) = R(q). This means 
that for all n sufficiently large R(y/,) >> R(qdn)), and hence the 3¢/2-neck centered 
at dn € Un is disjoint from N(yj,). Thus, by the rescaled version of Corollary {19.5} we 
see that the distance from the 3¢/2-neck centered at gn, to N(y/,) is bounded below 
by (0.99)e~! R(qn)7/?/4 > € 1 R(qoo) 7/7/12. Also, since gn € Wp, this 3¢/2-neck 
N'(qn) centered at qn does not extend past the 2-sphere at s~!(—3e~!/4) in the e- 
neck N(z},). It follows that for all n sufficiently large that this 3¢/2-neck has compact 
closure contained in Regs(Un, gn) for some 6 independent of n, and hence there is m 
such that for all n sufficiently large N’(q,) is contained in the image y, (Vin). Again 
using the fact that y* (gn|v,,) converges in the C®-topology to goolv,, as n tends to 
infinity, we see, by Proposition [9.79] that for all n sufficiently large y,!(Nim) contains 
a 2e-neck in U, centered at q. O 





It now follows from Proposition [[9.21|that W > is contained in an 2e-tube T., that 
is contained in Uj. Furthermore, the frontier of W3 in T., is the 2-sphere $(z.) 
which is isotopic to the central 2-spheres of the 2e-necks making up 7T,,. Hence, 
the closure We of Wx is a 2e-tube with boundary S$(z.). In particular, WwW. is 
diffeomorphic to $? x [0, 1). 

Now we consider the closure W,, of W. Since the closure of each W,, is the 
closed negative half of the e-neck N(z/,) and the curvatures of the z/, have a finite, 
positive limit, the limit W,, is diffeomorphic to a product $? x (—1,0]. Hence, U5, 
is the union of We and W,, along their common boundary. It follows immediately 
that Uso is diffeomorphic to S? x (0,1). 


CLAIM 10.9. The curvature is bounded in a neighborhood of one end of U5. and 
goes to infinity at the other end. 


Proor. A neighborhood of one end of Ux, the end W,,, is the limit of the 
negative halves of e-necks centered at z/,. Thus, the curvature is bounded on this 
neighborhood, and in fact is approximately equal to R(z..). Let x, be any sequence 
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of points in U,. tending to the other end. We show that R(x,) tends to oo as k 
does. The point is that since the sequence is tending to the end, the distance from 
zy, to the end of Ux is going to zero. Yet, each x, is the center of an e-neck in Ug. 
The only way this is possible is if the scales of these e-necks are converging to zero 
as k goes to infinity. This is equivalent to the statement that R(a;) tends to oo as 
k goes to infinity. O 





The next step in the proof of Proposition [10.7] is to extend the flow backwards 
a certain amount. As stated in the proposition, the amount of backward time that 
we can extend the flow is not uniform over all of U,., but rather depends on the 
curvature of the point at time zero. 


CLAIM 10.10. For each x € U, C My, there is a flowline {x} x (—R(x)~!,0] in 
M,,. Furthermore, the scalar curvature at any point of this flow line is less than or 
equal to the scalar curvature at x. 


PROOF. Since x € U, C Ty, there is a strong e-neck in M,, centered at x. Both 
statements follow immediately from that. O 





Let X C Ux be an open submanifold with compact closure and set 


to(X) = suppex(—Rg.. (2) ). 


Then for all n sufficiently large yy, is defined on X and the scalar curvature of the flow 
Gn(t) On Yn(X) x (to, 0] is uniformly bounded independent of n. Thus, according to 
Proposition [5.14] by passing to a subsequence we can arrange that there is a limiting 
flow defined on X x (to, 0]. Let Uso C Uso x (—00, 0] consist of all pairs (x,t) with the 
property that —R,,.(z,0)~' < t <0. Cover Ux by countably many such boxes of 
the type X x (—to(X), 0] as described above, and take a diagonal subsequence. This 
allows us to pass to a subsequence so that the limiting flow exists (as a generalized 
Ricci flow) on Ux. 


CLAIM 10.11. The curvature of the generalized Ricci flow on Uj, is non-negative. 


PROOF. This claim follows from the fact that the original sequence (M,,, G,) 
consists of generalized flows whose curvatures are pinched toward positive in the 
weak sense given in Equation and the fact that Qn, — oo as n — oo. (See 
Theorem [5.33} ) O 





This completes the proof that all the properties claimed in Proposition [10.7] hold 
for the geometric limit (Uso, goo, Zoo). This completes the proof of that proposition. 
0 





4. Cone limits near the end € for rescalings of U,, 


The next step is to study the nature of the limit U.. given in Proposition 
We shall show that an appropriate blow-up limit (limit in the Gromov-Hausdorff 
sense) around the end is a cone. 

Let (X,dx) be a metric space. Recall that the cone on X, denoted C(X), is the 
quotient space X x [0,co) under the identification (2,0) = (y,0) for all z,y € X. 
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The image of X x {0} is the cone point of the cone. The metric on C(X) is given 
by 


(10.2) d((x, 81), (y, 82)) = s? + s% — 2s, sycos(min(dx (x,y), 7)). 


The open cone O’(X) is the complement of the cone point in C(X) with the induced 
metric. 
The purpose of this section is to prove the following result. 


PROPOSITION 10.12. Let (Uso; Joos Zoo) be as in the conclusion of Proposition|10.7 
Let Qoo = Rg, (Zoo) and let E be the end of Us. where the scalar curvature is wn- 
bounded. Let A, be any sequence of positive numbers with limpn—oAn = +00. Then 
there is a sequence Lj in Us, such that for each n the distance from xy to E is 
ae and such that the pointed Riemannian manifolds (Us, AnJoo: Ln) converge in 
the Gromov-Hausdorff sense to an open cone, an open cone not homeomorphic to 


an open ray (i.e., not homeomorphic to the open cone on a point). (see Fic. [Q). 





FIGURE 2. Limiting cone. 


The rest of this section is devoted to the proof of this result. 


4.1. Directions at €. We orient the direction down the tube U. so that € is 
at the positive end. This gives an sy-direction for each 2e-neck N contained in Ugo. 

Fix a point x € Ux. We say aray y with endpoint x limiting to € is a minimizing 
geodesic ray if for every y € y the segment on y from x to y is a minimizing geodesic 
segment; i.e., the length of this geodesic segment is equal to d(x, y). 


CLAIM 10.13. There is a minimizing geodesic ray to E from each x € Ug with 
RG) 2 20a 


Proor. Fix x with R(x) > 2Q.. and fix a 2e-neck N, centered at x. Let S2 be 
the central 2-sphere of this neck. Take a sequence of points g, tending to the end 
E, each being closer to the end than x in the sense that S? does not separate any 
dn from the end €. We claim that there is a minimizing geodesic from x to each 
dn. The reason is that by Lemma any minimizing sequence of arcs from x to 
dm cannot exit from the minus end of N, nor the plus end of a 2e-neck centered 
at Gn. Consider a sequence of paths from x to gn minimizing the distance. Hence 
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these paths all lie in a fixed compact subset of U,. After replacing the sequence by 
a subsequence, we can pass to a limit, which is clearly a minimizing geodesic from 
x tO qn. Consider minimizing geodesics fu, from « to gn. The same argument shows 
that, after passing to a subsequence, the yu, converge to a minimizing geodesic ray 
from x to €. O 





CLAIM 10.14. (1) Any minimizing geodesic ray from x to the end E is a shortest 
ray from «x to the end €, and conversely any shortest ray from x to the end E is a 
minimizing geodesic ray. 

(2) The length of a shortest ray from x to E is the distance (see Section|4)) from 
x to€. 


Proor. The implication in (1) in one direction is clear: If y is a ray from x to 
the end €, and for some y € y the segment on y from x to y is not minimizing, then 
there is a shorter geodesic segment ys from x to y. The union of this together with 
the ray on y from y to the end is a shorter ray from x to the end. 

Let us establish the opposite implication. Suppose that 7 is a minimizing geodesic 
ray from x to the end € and that there is a 6 > 0 and a shortest geodesic ray 7/ 
from x to the end € with |>| = |y| — 6. As we have just seen, 7’ is a minimizing 
geodesic ray. Take a sequence of points gq; tending to the end € and let &? be the 
central 2-sphere in the 2e-neck centered at q;. Of course, for all 7 sufficiently large, 
both 7’ and y must cross $?. Since the scalar curvature tends to infinity at the end 
E, it follows from Lemma[19.4]for all 7 sufficiently large, the extrinsic diameter of Ss 
is less than 6/3. Let p; be a point of intersection of y with S?. For all i sufficiently 
large the length d; of the sub-ray in 7 from p; to the end € is at most 6/3. Let pi be 
a point of intersection of 7/ with $? and let d) be the length of the ray in 7’ from p’, 
to the end €. Let A be the sub-geodesic of y from x to p; and ’ the sub-geodesic of 
7/ from x to pi. Let @ be a minimizing geodesic from pj, to p;. Of course, || < 6/3 
so that by the minimality of \ and ’ we have 


—6/3 < |A| — |X'| < 6/3. 
Since |X’| + di = |A| + d; — 6, we have 
26/3 < d; — dj. 


This is absurd since d; > 0 and d; < 6/3. 
(2) follows immediately from (1) and the definition. O 





Given this result, the usual arguments show: 


COROLLARY 10.15. If 7 is a@ minimizing geodesic ray from x to the end €, then 
for any y € y\{a} the sub-ray of y from y to the end, is the unique shortest geodesic 
from y to the end. 


Also, we have a version of the triangle inequality for distances to €. 


LEMMA 10.16. Let x and y be points of M. Then the three distances d(x, y), 
d(x,€) and d(y,€) satisfy the triangle inequality. 
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ProoF. From the definitions it is clear that d(xz,y) + d(y,€) > d(#,€), and 
symmetrically, reversing the roles of x and y. The remaining inequality that we 
must establish is the following: d(x, €) + d(y,€) > d(x,y). Let gq, be any sequence 
of points converging to €. Since the end is at finite distance, it is clear that d(x,€) = 
limn—+ood(x, qn). The remaining inequality follows from this and the usual triangle 


inequality applied to d(x, qn), d(y, dn) and d(z, y). oO 





DEFINITION 10.17. We say that two minimizing geodesic rays limiting to € are 
equivalent if one is contained in the other. From the unique continuation of geodesics 
it is easy to see that this generates an equivalence relation. An equivalence class is 
a direction at €, and the set of equivalence classes is the set of directions at €. 


LEMMA 10.18. There is more than one direction at €. 


PRooF. Take a minimal geodesic ray y from a point x limiting to the end and 
let y be a point closer to € than x and not lying on 7. Then a minimal geodesic ray 
from y to € gives a direction at € distinct from the direction determined by y. U 





REMARK 10.19. In fact, the general theory of positively curved spaces implies 
that the space of directions is homeomorphic to $?. Since we do not need this 
stronger result we do not prove it. 


4.2. The Metric on the space of directions at €. 


DEFINITION 10.20. Let y and yw be minimizing geodesic rays limiting to €, of 
lengths a and b, parameterized by the distance from the end. For 0 < s < a and 
0 < s’ < bconstruct a triangle a,e3, in the Euclidean plane with |as,e| = s,|e3,/| = 
s’ and |as3y| = d(y(s), u(s’)). We define 0(y,s, 4,8’) to be the angle at e of the 
triangle a,eG,r. 


LEMMA 10.21. For all y,s, 1,8’ as in the previous definition we have 
0 < O(y,58,4,8') <m. 


Furthermore, 0(y,8, 1,8’) is a non-increasing function of s when y,p,s' are held 
fixed, and symmetrically it is a non-increasing function of s’ when y, 8, are held 
fixed. In particular, fixing y and p, the function 0(y7, 8, u, 8’) is non-decreasing as s 
and s' tend to zero. Thus, there is a well-defined limit as s and s' go to zero, denoted 
6(y, pu). This limit is greater than or equal to 0(y, 8,4, 8’) for all s and s' for which 
the latter is defined. We have 0 < 0(y, uu) < 7. The angle 0(y, w) = 0 if and only if 
y and 1 are equivalent. Furthermore, if y is equivalent to y' and py is equivalent to 
p’, then O(y, u) = O(7, bw’). 


ProoF. By restricting y and yu to slightly smaller rays, we can assume that 
each is the unique shortest ray from its endpoint to the end €. Let x, resp., y be 
the endpoint of 7, resp., . Now let q, be any sequence of points in U limiting 
to the end €, and consider minimizing geodesic rays y,, from g, to « and pu, from 
dn to y, each parameterized by the distance from gn. By passing to a subsequence 
we can assume that each of the sequences {y,,} and {,} converge to a minimizing 
geodesic ray, which by uniqueness, implies that the first sequence limits to y and 
the second to yp. For s,s’ sufficiently small, let 0,(s,s’) be the angle at g, of the 
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Euclidean triangle ap@,8n, where |OnGn| = d(Yn(8), 4n), |Pn@nl — d([Un(s’), dn) and 
lAnBr| = d(yn(s), Mn(s’)). Clearly, for fixed s and s’ sufficiently small, 6,(s, s’) 
converges as n — 00 to 0(7, 8, , 5’). By the Toponogov property (Theorem 2.4) for 
manifolds with non-negative curvature, for each n the function @,,(s,s’) is a non- 
increasing function of each variable, when the other is held fixed. This property 
then passes to the limit, giving the first statement in the lemma. 

By the monotonicity, 0(7, 4) = 0 if and only if for all s,s’ sufficiently small we 
have 0(¥, s, 1, 8’) = 0, which means one of ¥ and yp is contained in the other. 

It is obvious that the last statement holds. O 





It follows that 0(y, 4) yields a well-defined function on the set of pairs of directions 
at €. It is clearly a symmetric, non-negative function which is positive off of the 
diagonal. The next lemma shows that it is a metric by establishing the triangle 
inequality for 6. 


LEMMA 10.22. If y, u,v are minimizing geodesic rays limiting to E€, then 


(7, H) + O(u,v) 2 A(7, v). 


ProoF. By Corollary [10.15] after replacing y, u,v by equivalent, shorter geo- 
desic arcs, we can assume that they are the unique minimizing geodesics from their 
end points, say x,y,z respectively, to €. Let q, be a sequence of points limit- 
ing to €, and let yn, fn, Y, be minimizing geodesics from x,y,z to gn. Denote by 
6n(x,y), On(y, z), and @,(x,z), respectively, the angles at g, of the Euclidean trian- 
gles with the following edge lengths: {d(x, y), d(x, dn), d(y, dn) }, {d(y, z), d(y, dn), A(z, dn) $, 
and {d(z, x), d(z, dn), d(x, dn)}. According to Corollary2.6]we have 0,(x, y)+4n(y, z) > 
6,,(x, z). Passing to the limit as n goes to co and then the limit as x, y and z tend 
to E, gives the result. Oo 





DEFINITION 10.23. Let X(E) denote the set of directions at €. We define the 
metric on X(E€) by setting d([y], [u]) = O(7, 4). We call this the (metric) space of 
realized directions at €. The metric space of directions at € is the completion X(€) 
of X(€) with respect to the given metric. We denote by (Cg, ge) the cone on X(€) 
with the cone metric as given in Equation (10.2). (See Fic. [2}) 


PROPOSITION 10.24. (Ce,ge) is a metric cone that is not homeomorphic to a 
ray. 


PROOF. By construction (Cg, gg) is a metric cone. That it is not homeomorphic 
to a ray follows immediately from Lemma [10.18 O 





4.3. Comparison results for distances. 


LEMMA 10.25. Suppose that y and yu are unique shortest geodesic rays from points 
x and y to the end €. Let [y] and |p] be the points of X(E) represented by these two 
geodesics rays. Let a, resp. b, be the distance from x, resp. y, to E€. Denote by 2’, 
resp. y’, the image in Cg of the point ([y],a), resp. ({u],b), of X(E) x [0,00). Then 


dig..(@,Y) < dge (2, y’). 
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PROOF. By the definition of the cone metric we have 
dg. (x',y’) = a? + b? — 2abcos(6(7, )). 


On the other hand by Definition [10.20]and the law of cosines for Euclidean triangles, 
we have 


dg,.(2,y) = a” +b? — 2abcos(O(7, a, 14,6). 
The result is now immediate from the fact, proved in Lemma [10.20] that 


0 < (7,4, H,b) < O(y, BH) <7, 


and the fact that the cosine is a monotone decreasing function on the interval [0, z]. 
O 





COROLLARY 10.26. Let y,u,x,y be as in the previous lemma. Fiz X\ > 0. Let 
a = dyg,,(x,E) and b = dyg(y,E). Set x\ and y\ equal to the points in the cone 
([y],a) and ([u],b). Then we have 


goo (te y) < dge (Zo, yy). 


PROOF. This is immediate by applying the previous lemma to the rescaled man- 
ifold (Us, Agoo), and noticing that rescaling does not affect the cone Cg nor its 
metric. O 





LEMMA 10.27. For any 6 > 0 there is K = K(6) < o6 so that for any set of 
realized directions at E of cardinality K, €1,...,€K, it must be the case that there 
are j and j’ with j # j’ such that 0(£;,0;1) <6. 


Proor. Let K be such that, given K points in the central 2-sphere of any 2e- 
tube of scale 1, at least two are within distance 6/2 of each other. Now suppose that 
we have K directions ¢1,...,@% at €. Let 71,...,yxK be minimizing geodesic rays 
limiting to € that represent these directions. Choose a point x sufficiently close to 
the end € so that all the 7; cross the central 2-sphere S? of the 2e-neck centered at 
x. By replacing the y; with sub-rays we can assume that for each j the endpoint 
x; of y; lies in S?.. Let d; be the length of y;. By taking x sufficiently close to € 
we can also assume the following. For each 7 and j’, the angle at e of the Euclidean 
triangle a;ea,;, where |aje| = dj; |aje| = dj and |ajaj'| = d(a;, xj) is within 6/2 
of 6(€;,£;). Now there must be j 4 j’ with d(x;,7j) < (6/2)r; where r; is the scale 
of Nj. Since d;,dj > e—'r;/2, it follows that the angle at e of ajea; is less than 
6/2. Consequently, 6(€;, £;") < 6. oO 





Recall that a 6-net in a metric space X is a finite set of points such that X is 
contained in the union of the 6-neighborhoods of these points. The above lemma 
immediately yields: 


CorOLLARY 10.28. The metric completion X(E) of the space of directions at E 
is a compact space. For every 6 > 0 this space has a 6-net consisting of realized 
directions. For every0 <r < R<o the annular region Ag(r, R) = X(E) x [r, R] in 
Ce has a 6-net consisting of points (¢;,5;) where for each i we have ¢; is a realizable 
direction andr <5; < R. 
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4.4. Completion of the proof of a cone limit at €. Now we are ready to 
prove Proposition [10.12] In fact, we prove a version of the proposition that identifies 
the sequence of points x, and also identifies the cone to which the rescaled manifolds 
converge. 


PROPOSITION 10.29. Let (Us, goo) be an incomplete Riemannian 3-manifold of 
non-negative curvature with an end E as in the hypothesis of Proposition(10.12, Fix 
a minimizing geodesic ray y limiting to E. Let Xn, be any sequence of positive numbers 
tending to infinity. For each n sufficiently large let x, € y be the point at distance 
pe from the end €. Then the based metric spaces (Us, AnJoo; Ln) converge in the 
Gromov-Hausdorff sense to (Ce,ge,([y],1)). Under this convergence the distance 
function from the end E in (Us, AnJoo) converges to the distance function from the 
cone point in the open cone. 


PROOF. It suffices to prove that given any subsequence of the original sequence, 
the result holds for a further subsequence. So let us replace the given sequence by 
a subsequence. Recall that for each 0 < r < R < 00 we have Ag¢(r,R) C Co, the 
compact annulus which is the image of X(€) x [r,R]. The statement about the 
non-compact spaces converging in the Gromov-Hausdorff topology, means that for 
each compact subspace K’ of Cf; containing the base point, for all n sufficiently large, 
there are compact subspaces K;, C (Uso, AnJoo) containing x, with the property that 
the (K,,,%») converge in the Gromov-Hausdorff topology to (K, x) (see Section D of 
Chapter 3, p. 39, of [25]). 

Because of this, it suffices to fix 0 < r <1 < R < o arbitrarily and prove 
the convergence result for Ag(r,R). Since the Gromov-Hausdorff distance from 
a compact pointed metric space to a d-net in it containing the base point is at 
most 0, it suffices to prove that for 6 > 0 there is a d-net (N,h) in Ag(r, R), with 
([y],1) € NV such that for all n sufficiently large there are embeddings vy, of VV into 
A, (7; R) = Biowge (€, R) \ Byug.(E,7) with the following four properties: 

(1) vt (Angoo) converge to h as n — ov, 

(2) yn([7], 1) = en, and 

(3) Yn(M) is a d-net in A,(r, R), and 

(4) denoting the cone point by c € Cz, if d(p,c) =r then d(yp(p), €E) =r. 

According to Corollary [10.28] there is a d-net NV’ C Ag(r, R) consisting of points 
(€;,8;) where the @; are realizable directions and r < s; < R. Add ([y],1) to N if 
necessary so that we can assume that ([y],1) € NV. Let y; be a minimizing geodesic 
realizing @; and let d; be its length. 

Fix n sufficiently large so that An Mee < d; for all i. We define y,: NV — A,(r, R) 
as follows. For any a; = ([y], 51) € N we let yp(ai) = yi(An 2 8;). (Since pi 2g< 
An V/ 2R < dj, the geodesic +; is defined at Ay z * 5.) This defines the embeddings y,, 
for all n sufficiently large. Notice that 


dg.. (On (Cis 95), On Ces) = Aa 2+ An = vp 84 1890 Vay A,, ee Sis Vian 1/26 85), 
or equivalently 


Dn goo (Yn (li, $i), Pn (Ej, 83) = 8} + ss ~~ 251850 (7i, An me Sis Vj5An He 8j). 
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Because of the convergence result on angles (Lemma [i0.21), for all i and j we have 


lim, seedy, gs (Walla, 81) Gal Gsy)) = s+ ss — 28;8;cos(0(¥i, 7;)) 

dge ((4i, si), CaF sj) : 

This establishes the existence of the y, for all n sufficiently large satisfying the first 
condition. Clearly, from the definition y,([y],1) = an, and for all p € N we have 
d(pn(p),E) = d(p, c). 

It remains to check that for all n sufficiently large y, (NV) is a d-net in A,(r, R). 
For n sufficiently large let z € A,(r,R) and let y, be a minimizing geodesic ray 
from z to € parameterized by the distance from the end. Set dp = dyjg.(2,€), 
so that r < d, < R. Fix n sufficiently large so that An tf “8 < d; for all 7. The 
point ([yz],dn) € Ce is contained in Ag(r, R) and hence there is an element a = 
(ly, 5;) € M within distance 6 of ([yz],dn) in Ce. Since s; < R, oe < d; and 
hence xz = ¥;(An a  5:) is defined. By Corollary [10.26] we have 


yy, goo (2; 2) - ge (ly) :bn)s ([ya],92)) < 6. 


This completes the proof that for n sufficiently large the image y,(V) is a 6-net in 
An(r, R). 

This shows that the (Uso, AnJoo; Zn) converge in the Gromoy-Hausdorff topology 
to (Cz, 963 (7,1): Oo 


REMARK 10.30. Notice that since the manifolds (Uso, AnJoo, Zn) are not complete, 
there can be more than one Gromov-Hausdorff limit. For example we could take 
the full cone as a limit. Indeed, the cone is the only Gromov-Hausdorff limit that is 
complete as a metric space. 





5. Comparison of the Gromov-Hausdorff limit and the smooth limit 


Let us recap the progress to date. We constructed an incomplete geometric 
blow-up limit (Uo, Goo, 200) for our original sequence. It has non-negative Riemann 
curvature. We showed that the zero time-slice U,, of the limit is diffeomorphic to a 
tube S? x (0,1) and that at one end of the tube the scalar curvature goes to infinity. 
Also, any point sufficiently near this end is the center of an evolving 2e-neck defined 
for an interval of normalized time of length 1/2 in the limiting flow. Then we took a 
further blow-up limit. We chose a sequence of points x, € Uj. tending to the end € 
where the scalar curvature goes to infinity. Then we formed (Uo, AnJoo; in) where 
the distance from x, to the end € is An ue By fairly general principles (in fact it is 
a general theorem about manifolds of non-negative curvature) we showed that this 
sequence converges in the Gromov-Hausdorff sense to a cone. 

The next step is to show that this second blow-up limit also exists as a geometric 
limit away from the cone point. Take a sequence of points 7, € U,, tending to €. We 
let \}, = R(x), and we consider the based Riemannian manifolds (Us, X},Joo(0), Ln). 
Let By, C Up, be the metric ball of radius e~!/3 centered at x, in (Uso, X),9oo(0)). 
Since this ball is contained in a 2e-neck centered at x,,, the curvature on this ball is 
bounded, and this ball has compact closure in U,. Also, for each y € B,, there is 
a rescaled flow \’g(t) defined on {y} x (—1/2,0] whose curvature on B, x (—1/2, 0] 
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is bounded. Hence, by Theorem [5.11] we can pass to a subsequence and extract a 
geometric limit. In fact, by Proposition [5.14] there is even a geometric limiting flow 
defined on the time interval (—1/2, 0]. 

We must compare the zero time-slice of this geometric limiting flow with the cor- 
responding open subset of the Gromov-Hausdorff limit constructed in the previous 
section. Of course, one obvious difference is that we have used different blow-up 
factors: d(an,€)~? in the first case and R(a,) in the second case. So one important 
ingredient in comparing the limits will be to compare these factors, at least in the 
limit. 

5.1. Comparison of the blow-up factors. Now let us compare the two lim- 
its: (i) the Gromov-Hausdorff limit of the sequence (Us, AnJoo, Yn) and (ii) the 
geometric limit of the sequence (Us, X),goo, Zn) constructed above. 


CLAIM 10.31. The ratio py, = ,/An is bounded above and below by positive 
constants. 


ProoF. First of all, since there is a 2e-neck centered at x,, by Proposition [19.11] 
we see that the distance An /” from ap, to € is at least Hiw,) ee t= (ie 2. 
Thus, 

bo an, eae. 

On the other hand, suppose that py, = ),/An — oo as n — oo. Rescale by X,, 
so that R(x,) = 1. The distance from x, to € is \/pn. Then by Lemma [19.4] with 
respect to this metric there is a sphere of diameter at most 27 through zx, that 
separates all points at distance at most \/pn — e—! from € from all points at distance 
at least \/pn +e~! from €. Now rescale the metric by py. In the rescaled metric there 
is a 2-sphere of diameter at most 27/,/p, through x, that separates all points at 
distance at most 1—e~'/,/Pp from E€ from all points at distance at least 1+€~'/\/pn 
from €. Taking the Gromov-Hausdorff limit of these spaces, we see that the base 
point 2% separates all points of distance less than one from € from all points of 
distance greater than one from €. This is impossible since the Gromov-Hausdorff 
limit is a cone that is not the cone on a single point. O 





5.2. Completion of the comparison of the blow-up limits. Once we know 
that the A,,/X), are bounded above and below by positive constants, we can pass to a 
subsequence so that these ratios converge to a finite positive limit. This means that 
the Gromov-Hausdorff limit of the sequence of based metric spaces (Uso, X,,Joo, Ln) is 
a cone, namely the Gromov-Hausdorff limiting cone constructed is Section [4]rescaled 
by limy_.o0fn- In particular, the balls of radius «~!/2 around the base points in this 
sequence converge in the Gromov-Hausdorff sense to the ball of radius e~!/2 about 
the base point of a cone. 

But we have already seen that the balls of radius «~!/2 centered at the base 
points converge geometrically to a limiting manifold. That is to say, on every ball 
of radius less than e~'/2 centered at the base point the metrics converge uniformly 
in the C™-topology to a limiting smooth metric. Thus, on every ball of radius less 
than e~!/2 centered at the base point the limiting smooth metric is isometric to the 
metric of the Gromov-Hausdorff limit. This means that the limiting smooth metric 
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on the ball B of radius «~!/2 centered at the base point is isometric to an open 
subset of a cone. Notice that the scalar curvature of the limiting smooth metric at 
the base point is 1, so that this cone is a non-flat cone. 


6. The final contradiction 


We have now shown that the smooth limit of the balls of radius e~!/2 centered at 
the base points of (Us, X),goo, Zn) is isometric to an open subset of a non-flat cone, 
and is also the zero time-slice of a Ricci flow defined for the time interval (—1/2, 0]. 
This contradicts Proposition [4.22] one of the consequences of the maximum princi- 
ple established by Hamilton. The contradiction shows that the limit (Uso, goo, Loo) 
cannot exist. The only assumption that we made in order to construct this limit 
was that Theorem [10.2] did not hold for some Ag < oo. Thus, we have established 
Theorem by contradiction. 


CHAPTER 11 


Geometric limits of generalized Ricci flows 


In this chapter we apply the main result of the last section, bounded curvature at 
bounded distance, to blow-up limits in order to establish the existence of a smooth 
limit for sequences of generalized Ricci flows. In the first section we establish a blow- 
up limit that is defined for some interval of time of positive length, where the length 
of the interval of time is allowed to depend on the limit. In the second section we 
give conditions under which this blow-up limit can be extended backwards to make 
an ancient Ricci flow. In the third section we construct limits at the singular time of 
a generalized Ricci flow satisfying appropriate conditions. We characterize the ends 
of the components of these limits. We show that they are e-horns — the ends are 
diffeomorphic to S? x [0,1) and the scalar curvature goes to infinity at the end. In 
the fourth section we prove for any 6 > 0 that there are d-necks sufficiently deep in 
any e-horn, provided that the curvature at the other end of the horn is not too large. 
Throughout this chapter we fix « > 0 sufficiently small such that all the results of 
the Appendix hold for 2e and a = 10~?, and Proposition [2.19] holds for 2e. 


1. A smooth blow-up limit defined for a small time 


We begin with a theorem that produces a blow-up limit flow defined on some 
small time interval. 


THEOREM 11.1. Fix canonical neighborhood constants (C,€), and non-collapsing 
constants r > 0,6 > 0. Let (Mn,Gn,tn) be a sequence of based generalized 3- 
dimensional Ricci flows. We set tn = t(a%p) and Q, = R(an). We denote by My, the 
tn time-slice of M,. We suppose that: 

(1) Each (M,,,G,) either has a time interval of definition contained in [0, 00) 
and has curvature pinched toward positive, or has non-negative curvature. 

(2) Every point Yn € (Mn, Gn) with t(yn) < tn and with R(yn) > 4R(an) has 
a strong (C,€)-canonical neighborhood. 

(8) Titi cael) = Gee 

(4) For each A < oo the following holds for all n sufficiently large. The 
ball B(2n, tn, AQn /”) has compact closure in M,, and the flow is K-non- 
collapsed on scales <r at each point of B(an,tn, AG), 

(5) There is u > 0 such that for every A < oo the following holds for all n 
sufficiently large. For every yn € B(an,tn, Ao, the maximal flow line 
through yy, extends backwards for a time at least .(max(Qn,R(yn)))- 

Then, after passing to a subsequence and shifting the times of each of the gen- 
eralized flows so that tn, = 0 for every n, there is a geometric limit (Moo, Goo, Loo) 
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of the sequence of based Riemannian manifolds (My, QnGn(0),tn). This limit is a 
complete 3-dimensional Riemannian manifold of bounded, non-negative curvature. 
Furthermore, for some tp > 0 which depends on the curvature bound for (Mo, Joo) 
and on 1, there is a geometric limit Ricci flow defined on (Moo, 9oo(t)), —to < t < 0, 
with goo (0) = Joo: 

Before beginning the proof of this theorem we establish a lemma that we shall 
need both in its proof and also for later applications. 


LEMMA 11.2. Let (M,G) be a generalized 3-dimensional Ricci flow. Suppose 
that ro > 0 and that any z € M with R(z) > rq? has a strong (C,€)-canonical 
neighborhood. Suppose z € M and t(z) = to. Set 

1 


2C,/max(R(z), 79 7) 


1 
At = aT ee ay re 
16C (R(z) +197) 
Suppose that r’ <r and that |t! —to| < At and let I be the interval with endpoints to 
and t'. Suppose that there is an embedding of j: B(z,to,r’) x I into M compatible 
with time and with the vector field. Then R(y) < 2(R(z) +797) for all y in the 
image of j. 


cr: => 


and 


PROOF. We first prove that for any y € B(z,to,r) we have 
16 “2 
(11.1) R(y) < (RE) +179 “): 


Let y: [0,50] — B(z,to,r) be a path of length so < r connecting z = 7(0) to 
y = 7(So). We take y parameterized by arc length. For any s € (0, sq] let R(s) = 
R(y(s)). According to the strong (C,€)-canonical neighborhood assumption at any 
point where R(s) > rg” we have |R’(s)| < CR*/?(s). Let J C [0,80] be the closed 
subset consisting of s € [0,89] for which R(s) > 797. There are three possibilities. 
If so ¢ J then R(y) < rp” and we have established Inequality (ILI). If J = (0, sol, 
then we have |.R’(s)| < CR®/?(s) for all s in J. Using this differential inequality and 


the fact that the interval has length at most SURIIEy, we see that R(y) < 16R(z)/9, 


again establishing Inequality (ILI). The last possibility is that J 4 [0,59] but 
59 € J. We restrict attention to the maximal interval of J containing sg. This 
interval has length at most 3? and at its initial point R takes the value rg 2 For every 
s in this interval by our assumptions we again have the inequality |R’(s)| < C.R°/?(s), 
it follows immediately that R(y) < 16r9?/9. This establishes Inequality in 
all cases. 

Now consider the vertical path j({y} x J). Let R(t) = R(j(y,t)). Again by 
the strong canonical neighborhood assumption |R’(t)| < CR?(t) at all points where 
R(t) > rg”. Consider the closed subset K of I where R(t) > r9°. There are three 
cases to consider: t/ ¢ K, t/ € K £1, or K =I. In the first case, R(y,t’) < rg” and 
we have established the result. In the second case, let K’ be the maximal subinterval 
of K containing t’. On the interval K’ we have |R’(t)| < C.R?(t) and at one endpoint 
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R(t) = 797. Since this interval has length at most r2/16C, it follows easily that 
R(t’) < 16r9?/15, establishing the result. In the last case where K = I, then, by 
what we established above, the initial condition is R(to) = R(y) < 16(R(z)+r9°)/9, 
and the differential inequality |R’(t)| <CR?(t) holds for all t € I. Since the length 


4 1 : ! =) : 
of I is at most TeOTRUarezy WE See directly that R(t’) < 2(R(z) +19 ~), completing 
the proof in this case as well. O 





Now we begin the proof of Theorem [11.1 


ProorF. (of Theorem [I1.1) We shift the times for the flows so that t, = 0 
for all n. Since Q, tends to oo as n tends to oo, according to Theorem [10.2] for 
any A < oo, there is a bound Q(A) < oo on the scalar curvature of QnGp(0) on 
BanGn(£n,0, A) for all n sufficiently large. According to the hypothesis of Theo- 
rem [11.1] this means that there is t9(A) > 0 and, for each n sufficiently large, an 
embedding of Bg,,G,,(#n,0, A) x [—to(A), 0] into M,, compatible with time and with 
the vector field. In fact, we can choose tg(A) so that more is true. 


COROLLARY 11.3. For each A < oo, let Q(A) be a bound on the scalar curvature 
of the restriction of QnGy to Bg,G,(#n,0, A) for all n sufficiently large. Then there 
exist a constant tj(A) > 0 depending on to(A) and Q(A), and a constant Q!(A) < co 
depending only on Q(A), and, for all n sufficiently large, an embedding 


BQnGn(£n,0, A) x (—to(A), 0] > My 


compatible with time and with the vector field with the property that the scalar cur- 
vature of the restriction of QnG»n to the image of this subset is bounded by Q’(A). 


ProoF. This is immediate from Lemma(IL.2]and Assumption (5) in the hypoth- 
esis of the theorem. Oo 





Now since the curvatures of the Q,G,, are pinched toward positive or are non- 
negative, bounding the scalar curvature above gives a bound on |Rmg,q,,| on the 
product Bg,,c,,(@n,0,A)x(—to(A), 0]. Now we invoke Shi’s theorem (Theorem[.28): 


COROLLARY 11.4. For each A < oo and for each integer £ > 0, there is a constant 
Cy such that for all n sufficiently large we have 


|V'Rmg,Gn(2)| < C2 
for all z € Bo,c,,(@n,0, A). 


Also, by the curvature bound and the «-non-collapsed hypothesis we have the 
following: 


CLAIM 11.5. There is 1 >0 such that for all n sufficiently large 
Vol(BQnGp(#n,0,9)) = K?. 


Now we are in a position to apply Corollary [5.10] This implies that, after passing 
to a subsequence, there is a geometric limit (Moo, goo, Zoo) of the sequence of based 
Riemannian manifolds (M,,QnGn(0), 27). The geometric limit is a complete Rie- 
mannian manifold. If the (M,,,G,,) satisfy the curvature pinched toward positive 
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hypothesis, by Theorem [5.33] the limit Riemannian manifold (M., goo) has non- 
negative curvature. If the (M,,,G,,) have non-negative curvature, then it is obvious 
that the limit has non-negative curvature. By construction R(x.) = 1. 

In fact, by Proposition 5.14] for each A < oo, there is t(A) > 0 and, after passing 
to a subsequence, geometrically limit flow defined on B(2%o,0,A) x (—t(A), 0]. 


CLAIM 11.6. Any point in (Moo, 9o0) of curvature greater than 4 has a (2C, 2e)- 
canonical neighborhood. 


Proor. The fact that (Moo, Goo, Loo) is the geometric limit of the (M,, QnGn(0), tn) 
means that we have the following. There is an exhausting sequence Vj C V2 C++: C 
M.. of open subsets of M,,., with compact closure, each containing 7.,, and for each 
n an embedding y, of V,, into the zero time-slice of M,, such that Yn(%0o) = Ln 
and such that the Riemannian metrics y>G, converge uniformly on compact sets 
tO goo. Let q € Ma be a point with Ry,(q) > 4. Then for all n sufficiently 
large, q € Vn, so that dn = Yn(¢q) is defined, and Rg,G,(dn) > 4. Thus, gy has an 
(C, €)-canonical neighborhood, U,, in M,; and, since R(q,) > 4 for all n, there is 
a uniform bound to the distance from any point of Uy, to qn. Thus, there exists m 
such that for all n sufficiently large y, (Vim) contains U;,. Clearly as n goes to infinity 
the Riemannian metrics 7, (Gn)| ox} (Um) Converge smoothly to ae yx(U,): Thus, by 
Proposition [9.79] for all n sufficiently large the restriction of go. to y;,'(Un) contains 
a (2C, 2€)-canonical neighborhood of q. O 





CLAIM 11.7. The limit Riemannian manifold (Moo, Joo) has bounded curvature. 


ProoF. First, suppose that (Moo, goo) does not have strictly positive curvature. 
Suppose that y € M,. has the property that Rm(y) has a zero eigenvalue. Fix 
A < © greater than d,,,(%.,y). Then applying Corollary [4.19] to the limit flow 
on B(2,0, A) x (—t(A), 0], we see that the Riemannian manifold (B(x0,0, A), goo) 
is locally a Riemannian product of a compact surface of positive curvature with a 
one-manifold. Since this is true for every A < oo sufficiently large, the same is true 
for (Moo, Joo). Hence (Moo, goo) has a one- or two-sheeted covering that is a global 
Riemannian product of a compact surface and one-manifold. Clearly, in this case 
the curvature of (Moo, goo) is bounded. 

If Ma is compact, then it is clear that the curvature is bounded. 

It remains to consider the case where (Mo, goo) is non-compact and of strictly 
positive curvature. Since any point of curvature greater than 4 has a (2C, 2e)- 
canonical neighborhood, and since M. is non-compact, it follows that the only 
possible canonical neighborhoods for  € M, are a 2e-neck centered at x or (2C, 2e)- 
cap whose core contains «. Each of these canonical neighborhoods contains a 2e-neck. 
Thus, if (Moo, 900) has unbounded and positive Riemann curvature or equivalently, 
it has unbounded scalar curvature, then it has (2C,2e)-canonical neighborhoods 
of arbitrarily small scale, and hence 2e-necks of arbitrarily small scale. But this 
contradicts Proposition It follows from this contradiction that the curvature 
of (Moo, Joo) is bounded. O 





To complete the proof of Theorem [11.1] it remains to extend the limit for the 0 
time-slices of the (M,,G,) that we have just constructed to a limit flow defined 
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for some positive amount of time backward. Since the curvature of (Moo, 9oo) is 
bounded, this implies that there is a bound, Q, such that for any A < oo the 
curvature of the restriction of QnGn to Bg,G,(n,0, A) is bounded by Q for all 
n sufficiently large. Thus, we can take the constant Q(A) in Corollary [I1.3] to be 
independent of A. According to that corollary this implies that there is a tj > 0 and 
Q’ < oo such that for every A there is an embedding Bg,a,,(xn,0, A) x (—to, 0] - 
M, compatible with time and with the vector field so that the scalar curvature of 
the restriction of Q,G, to the image is bounded by Q’ for all n sufficiently large. 
This uniform bound on the scalar curvature yields a uniform bound, uniform in 
the sense of being independent of n, on |Rmg,,q,,| on the image of the embedding 
Bo Aen 0; A) x (- ns Qj. 

Then by Hamilton’s result, Proposition[5.14] we see that, after passing to a further 
subsequence, there is a limit flow defined on (—tG, 0]. Of course, the zero time-slice of 
this limit flow is the limit (Mx, 9.0). This completes the proof of Theorem[ii.i] O 





2. Long-time blow-up limits 


Now we wish to establish conditions under which we can, after passing to a 
further subsequence, establish the existence of a geometric limit flow defined on 
—oo <t< 0. Here is the main result. 


THEOREM 11.8. Suppose that {(Mn,Gn,%n)}°2, is a sequence of generalized 
3-dimensional Ricci flows satisfying all the hypothesis of Theorem {1L.1| Suppose 
in addition that there is To with 0 < To < co such that the following holds. For 
any T < To, for each A < o, and all n sufficiently large, there is an embedding 
PGi tas Aon) x (tn -TQ;1, tn] into My compatible with time and with the vector 
field and at every point of the image the generalized flow is K-non-collapsed on scales 
<r. Then, after shifting the times of the generalized flows so that t, = 0 for all n 
and passing to a subsequence there is a geometric limit Ricci flow 


(Misses (t)y8sa)s =i <tS 0, 


for the rescaled generalized flows (QnMn, QnGn, tn). This limit flow is complete and 
of non-negative curvature. Furthermore, the curvature is locally bounded in time. If 
in addition To = oo, then it is a K-solution. 


REMARK 11.9. Let us point out the differences between this result and Theo- 
rem[{1L.1] The hypotheses of this theorem include all the hypotheses of Theorem[I1.1 
The main difference between the conclusions is that in Theorem[I1.I]|the amount of 
backward time for which the limit flow is defined depends on the curvature bound 
for the final time-slice of the limit (as well as how far back the flows in the sequence 
are defined). This amount of backward time tends to zero as the curvature of the 
final time-slice limit tends to infinity. Here, the amount of backward time for which 
the limit flow is defined depends only on how far backwards the flows in the sequence 
are defined. 


PROOF. In Theorem [I1.1] we proved that, after passing to a subsequence, there 
is a geometric limit Ricci flow, complete of bounded non-negative curvature, 


(Mos; Get), Zon), —y SES 0, 
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defined for some tp > 0. Our next step is to extend the limit flow all the way back 
to time —To. 


PROPOSITION 11.10. With the notation of, and under the hypotheses of The- 
orem suppose that there is a geometric limit flow (Moo, 9oo(t)) defined for 
—T <t <0 which has non-negative curvature locally bounded in time. Suppose that 
T <To. Then the curvature of the limit flow is bounded and the geometric limit flow 
can be extended to a flow with bounded curvature defined on (—(T + 6), 0] for some 
6>0. 


ProoF. The argument is by contradiction, so we suppose that there isa T < To 
as in the statement of the proposition. Then the geometric limit flow on (—T’, 0] is 
complete of non-negative curvature and with the curvature locally bounded in time. 
First suppose that the scalar curvature is bounded by, say Q < oo. Fix T’ < T. 
The Riemannian manifold (Mo, goo(T”)) is complete of non-negative curvature with 
the scalar curvature, and hence the norm of the Riemann curvature, bounded by Q. 
Thus, for any A < oo for all n sufficiently large, the norm of the Riemann curvature 
of QnGr(—T") on Bg,G, (tn, -T,A) is bounded above by 2Q. Also, arguing as 
in the proof of Theorem [IJ] we see that any point y € Mx with R(y,—-T’) > 
4 has a (2C,2e)-canonical neighborhood. Hence, applying Lemma [I1.2] as in the 
argument in the proof of Corollary [11.3] shows that for all n sufficiently large, every 
point in Bg,a,(#n,—-T", A) has a uniform size parabolic neighborhood on which 
the Riemann curvature is uniformly bounded, where both the time interval in the 
parabolic neighborhood and the curvature bound on this neighborhood depend only 
on C and the curvature bound on Q for the limit flow. According to Hamilton’s 
result (Proposition [5.14) this implies that, by passing to a further subsequence, we 
can extend the limit flow backward beyond —T”’ a uniform amount of time, say 20. 
Taking T’ > T — 6 then gives the desired extension under the condition that the 
scalar curvature is bounded on (—T, 0]. 

It remains to show that, provided that T’ < 7, the scalar curvature of the limit 
flow (Moo, guo(t)), -T < t <0, is bounded. To establish this we need a couple of 
preliminary results. 


LEMMA 11.11. Suppose that there is a geometric limit flow defined on (—T, 0] for 
some0 <T < Tp with T < oo. We suppose that this limit is complete with non- 
negative curvature, and with curvature locally bounded in time. Suppose that X C 
Ma is a compact, connected subset. If mingex(Rg,,(@,t)) is bounded, independent 
of t, for allt € (—T,0], then there is a finite upper bound on Rg,,(x,t) for alla € X 
and allt € (—T, 0]. 


Proor. Let us begin with: 


CLAIM 11.12. Let Q be an upper bound on R(x,0) for alla € My. Then for any 
points x,y € Mx and any t € (—T,0] we have 
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PrRooF. Fix —tp € (—T,0]. Then for any € > 0 sufficiently small, by the Harnack 
inequality (the second result in Theorem [4.37] we have 





OR Rat) 
i ) 
ot (2,t) 2 t+T-e 
Taking the limit as « — 0 gives 
OR et) 
—(r.t) > — 
ae 


and hence, fixing x, 





dR(x, t) x —dt 
R(a,t) ~ (¢+T) 
Integrating from —tp to 0 shows that 


log(R(x, 0)) — log( R(x, —to)) 2 log(T’ — to) — log(T), 
and since R(x,0) < Q, this implies 


—to) < Z 
R(a, 0) = QF — to 


Recalling that n = 3 and that the curvature is non-negative we see that 
QT 1 

2 T-ty 
Hence by Corollary 3.26] for all —tp € (—T,0] we have that 


dist_1. (x,y) < disto(x, y) ref Tap A distole,y) ) +16) Sr. 
to 


It follows immediately from this claim that any compact subset X C M,, has 
uniformly bounded diameter under all the metrics g(t); -T.<t< 0. 
By the hypothesis of the lemma there is a constant C’ < co such that for each 
€ (—T,0] there is y% € X with Ry, (y%,t) < C’. Suppose that the conclusion of 
the lemma does not hold. Then there is a sequence t,, — —T' as m — oo and 
points zm € X such that Ry,(zm,tm) — co as m — oo. In this case, possibly 
after redefining the constant C’, we can also assume that there is a point y,, such 
that 2 < R(ym,tm) < C’. Since the sequence (Mn, QnGn,@n) converges smoothly 
to (Moo, 9oo(t), Zoo) for t € (—T, 0], it follows that for each m there are sequences 
tin € Ma} and {a4 € My} With tym) = t Gan) = tr Converging to 
(Ymstm) and (2m,tm) respectively. Thus, for all m there is no = no(m) such that 
for all n > no we have: 


(1) Is RQnGn (Ym, n) < 20"; 

(2) RQ,Gn(Zmn) 2 Rg “= (2m tm) /2, 

(3) danGn(Ym,n)s (zmin)) < 2diamy,.(¢,,)(X). 
Because of the third condition and the fact that X has uniformly bounded diameter 
under all the metrics g..(t) for t € (—T,0], the distance dQ,,, Ginn (%m,ns Y¥m,n) is 
bounded independent of m and n as long as n > no. Because of the fact that 
RQnGrn(Ymn) > 1 = R(ay), it follows that any point z € M, with t(zm) < tm 








Ric(xz, —tp) < (n — 1)—— 


O 
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and with R(z) > 4R(ymn) has a strong (C,¢)-canonical neighborhood. This then 
contradicts Theorem [10.2] and completes the proof of the lemma. O 





Clearly, this argument will be enough to handle the case when M. is compact. 
The case when M,, is non-compact uses additional results. 


LEMMA 11.13. Let (M,g) be a complete, connected, non-compact manifold of 
non-negative sectional curvature and let x9 € M be a point. Then there is D > 0, 
such that for any y © M with d(ao,y) =d> D, there isx € M with d(y,x) =d and 
with d(x, x) > 3d/2. 


PROOF. Suppose that the result is false for (M,g) and x € M. Then there is 
a sequence y, € M such that setting d, = d(x,y,) we have limp —o.ody, = oo and 
yet B(yn,dn) C B(x, 3d,/2) for every n. Let y, be a minimal geodesic from x to 
Yn. By passing to a subsequence we arrange that the y, converge to a minimal 
geodesic ray y from x to infinity in M. In particular, the angle at « between 7, and 
y tends to zero as n — oo. Let wy be the point on y at distance d, from x, and 
let An = d(Yn, Wn). Because (M,g) has non-negative curvature, by Corollary [2.5] 
limp—+oon/dyn = 0. In particular, for all n sufficiently large, a, < d,. This implies 
that there is a point z, on the sub-ray of y with endpoint w, at distance d, from 
Yn. By the triangle inequality, d(wn, Zn) > dn — an. Since 7 is a minimal geodesic 
ray, d(z,2n) = d(z, wn) + d(wWn, Zn) > 2dn — An. Since ap/dpn — 0 as n > ov, it 
follows that for all n sufficiently large d(z, z,) > 3d,/2. This contradiction proves 
the lemma. O 





CLAIM 11.14. Fiz D < oo greater than or equal to the constant given in the 
previous lemma for the Riemannian manifold (Moo, 9oo(0)) and the point rt. We 


also choose D > 32,/ 2T. Then for any y € Mx \ B(a0,0,D) the scalar curvature 
Rg, (y,t) is uniformly bounded for all t € (—T, 0}. 


PROOF. Suppose this does not hold for some y € Mx \ B(%o0,0,D). Let d = 
do(%o0,y). Of course, d > D. Thus, by the lemma there is z € M, with do(y, z) =d 
and do(Zoo, z) > 3d/2. Since the scalar curvature R(y,t) is not uniformly bounded 
for all t € (—T, 0], there is t for which R(y, t) is arbitrarily large and hence (y, t) has 
an (2C, 2e)-canonical neighborhood of arbitrarily small scale. By Claim we 


have dt(Zoo, y) < dt 8,/¢r and d:(y,z) < d+ 3,/9r. Of course, since Ric > 0 the 
metric is non-increasing in time and hence d < min(d;(y, z), di(%o0,y)) and 3d/2 < 
di(xo,z). Since y has a (2C, 2e)-canonical neighborhood in (Moo, goo(t)), either y is 
the center of an 2e-neck in (M., 9oo(t)) or y is contained in the core of a (2C, 2e)- 
cap in (Mo, goo(t)). (The other two possibilities for canonical neighborhoods require 
that MM. be compact.) 


CLAIM 11.15. y cannot lie in the core of a (2C, 2€)-cap in (Moo, goo(t)), and hence 
it is the center of a 2e-neck N in (Mo, Goo(t)). Furthermore, minimal g(t)-geodesics 
from y to Loo and z exit out of opposite ends of N (see Fia. [i). 


Proor. Let C be a (2C, 2€)-canonical neighborhood of y in (Moo, goo(t)). Since 
R(y,t) can be arbitrarily large, we can assume that d >> 2C'R(y)~!/2, which is a 
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possible 


FIGURE 1. Minimal geodesics in necks and caps 


bound on the diameter of C. This means that minimal g(t)-geodesics yz,, and yz 
connecting y to 2, and to z, respectively, must exit from C. Let a be a point on 
x, AC close to the complement of C. Let b be a point at the same g(t)-distance 
from y on yz. In the case that C is a cap or that it is a 2e-neck and yz, and yz exit 
from the same end, then d;(b, y)/d:(a, y) < 4a. This means that the angle 6 of the 
Euclidean triangle with these side lengths at the point corresponding to y satisfies 


cos(@) > 1 — ca, 


Recall that Q is the maximum value of R(x,0), and that by Claim [L112] we have 
Q 
d< d(to,y) <d+16 rae 


with the same inequalities holding with d;(z,y) replacing d;(%.,y). Also, by con- 


struction d > 32,/9r. We set ag = di(tu,y) and ay = d:(z,y). Then by the 

Toponogov property we have 

(Are)? 
2 

Since |ag — ai| < d/2 and ag, a, < 3d/2 and € < 1/87, it follows that d(x, z) < d. 


Since distances do not increase under the flow, it follows that do(x,z) < d. This 
contradicts the fact that do(x, z) = d. 





d;(a, z)? < a@ + at — 2agai (1 — ) = (ag — a1)? + (4m €)*a9a1. 














It follows that the point y is the center of a (2C,2e)-neck N in (Moo, goo(t)) 
and minimal g(t)-geodesics from y to z and to Zo exit out of opposite ends of N. 
This implies that B(y,t,47R(y,t)~\/?) separates 7, and z. Since the curvature of 
the time-slices is non-negative, the Ricci flow does not increase distances. Hence, 
By, 0,47R(y,t)—!/?) separates z from ao. (Notice that since d > 4nR(y,t)~'/?, 
neither z nor 2 lies in this ball.) Thus, if R(y,t) is unbounded as t + —T then 
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arbitrarily small g(0)-balls centered at y separate z and Xo. Since y is distinct from 
Loo and z, this is clearly impossible. O 





Next we establish that the curvature near the base point x is bounded for all 
t € (-T, 0]. 


COROLLARY 11.16. Suppose that there is a geometric limit flow (Moo, 9oo(t)) of 
a subsequence defined on (—T,0] for some T < co. Suppose that the limit flow 
is complete of non-negative curvature with the curvature locally bounded in time. 
Then for every A < oo the scalar curvature Rg,(y,t) is uniformly bounded for all 
(y,t) € B(aoo0,0, A) x (—T, 0]. 


PROOF. First we pass to a subsequence so that a geometric limit flow 


(Moo, Joo (t), (Loo, 0)) 


exists on (—T,0]. We let Q be the upper bound for R(z,0) for all  € M,.. We now 
divide the argument into two cases: (i) M. is compact, and (ii) MM. is non-compact. 

Suppose that M,, is compact. By Proposition [4.1] we know that 

minzem, (Rg, (2, t)) 
is a non-decreasing function of t. Since Rg,,(%oo,0) = 1, it follows that for each 
t € (-T,0], we have minzey,, R(x, t) < 1, and hence there is a point x; € Mx with 
R(az,t) <1. Now we can apply Lemma[ILI1]to see that the scalar curvature of goo 
is bounded on all of Mx x (—T, 0]. 

If M is non-compact, choose D as in Lemma According to that lemma 
every point in the boundary of B(x.,0,D) has bounded curvature under g..(t) for 
all t € (—T,0]. In particular, for each t € (—T,0] the minimum of R(x,t) over 
B(ao,0,D) is bounded independent of t. Now apply Lemma([IL.11]to the closure of 
B(Zoo0,0,D). We conclude that the curvature of B(a.,0,D) is uniformly bounded 
for all goo(t) for all t € (—T,0]. In particular, R(x, t) is uniformly bounded for all 
t € (-T, 0]. 

Now for any A < 00 we apply Lemma([I1.11]to the compact subset B(2,0, A) 
to conclude that the curvature is uniformly bounded on B(x%.,0, A) x (—T,0]. This 
completes the proof of the corollary. O 





Now let us return to the proof of Proposition [11.10 


CLAIM 11.17. For each A < o and for all n sufficiently large, there are 6 > 0 
with 6 < To — T and a bound, independent of n, on the scalar curvature of the 
restriction of QnGn to Bg,G,(tn,0,A) x [-(L +4), 0]. 


ProoF. Fix A < o and let K be the bound for the scalar curvature of go. on 
B(ao,0,2A) x (—T, 0] from Corollary 11.16] Lemma[11.2]shows that there are 6 > 0 
and a bound in terms of K and C on the scalar curvature of the restriction of QnGn 
to BonGn (fn, 0, A) x [—(T + 4), 0]. Oo 





Since the scalar curvature is bounded, by the assumption that either the curvature 
is pinched toward positive or the Riemann curvature is non-negative, this implies 
that the sectional curvatures of Q,Gy are also uniformly bounded on the products 
BQnGn(%n,0, A) x [-(L'+ 6), 0] for all n sufficiently large. Consequently, it follows 
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that by passing to a further subsequence we can arrange that the —T' time-slices of 
the (My, Gn, %) converge to a limit (Mx, 9o00(—T)). This limit manifold satisfies 
the hypothesis of Proposition and hence, by that proposition, it has bounded 
sectional curvature. This means that there is a uniform 6 > 0 such that for all n 
sufficiently large and for any A < oo the scalar curvatures (and hence the Riemann 
curvatures) of the restriction of QnGp, to Bg,,G,(#n,0, A) x [-(L£+6), 0] are uniformly 
bounded. This allows us to pass to a further subsequence for which there is a 
geometric limit defined on (—(T' + 6/2),—T]. This geometric limit is complete of 
bounded, non-negative curvature. Hence, we have now constructed a limit flow on 
(—(T + 6/2), 0] with the property that for each t € (—(T' + 6/2),0] the Riemannian 
manifold (M,g(t)) is complete and of bounded non-negative curvature. (We still 
don’t know whether the entire flow is of bounded curvature.) But now invoking 
Hamilton’s Harnack inequality (Theorem[4.37]), we see that the curvature is bounded 
on [—T,0]. Since we already know it is bounded in (—T + 6/2, —T], this completes 
the proof of the proposition. O 





It follows immediately from Proposition [[1.10]that there is a geometric limit flow 
defined on (—Tp, 0]. The geometric limit flow on (—7o, 0] is complete of non-negative 
curvature, locally bounded in time. 

It remains to prove the last statement in the theorem. So let us suppose that 
To = oo. We have just established the existence of a geometric limit flow defined 
for t € (—oo, 0]. Since the (M,,,G,,) either have curvature pinched toward positive 
or are of non-negative curvature, it follows from Theorem [5.33] that all time-slices 
of the limit flow are complete manifolds of non-negative curvature. Since points 
of scalar curvature greater than 4 have (2C, 2e)-canonical neighborhoods, it follows 
from Proposition [2.19] that the curvature is bounded on each time-slice, and hence 
universally bounded by the Harnack inequality (Theorem[4.37). Since for any A < co 
and every T < oo the parabolic neighborhoods Bg,,a,,(n, 0, A) x [-T, 0] are «-non- 
collapsed on scales Q,r for every n sufficiently large, the limit is «-non-collapsed on 
scales < limyn_.o0Qnr. Since r > 0 and limy..Qn = oo, it follows that the limit 
flow is K-non-collapsed on all scales. Since Rg,,G,(%n) = 1, Rg. (®oo, 0) = 1 and the 
limit flow is non-flat. This establishes all the properties need to show that the limit 
is a K-solution. This completes the proof of Theorem [[1.8] O 





3. Incomplete smooth limits at singular times 


Now we wish to consider smooth limits where we do not blow up, i.e., do not 
rescale the metric. In this case the limits that occur can be incomplete, but we have 
strong control over their ends. 


3.1. Assumptions. We shall assume the following about the generalized Ricci 


flow (M, G): 


ASSUMPTION 11.18. (a) The singular times form a discrete subset of R, and 

each time slice of the flow at a non-singular time is a compact 3-manifold. 

(b) The time interval of definition of the generalized Ricci flow (M,G) is con- 
tained in [0,00) and its curvature is pinched toward positive. 
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(c) There are rg > 0 and C < oo, such that any point x € M with R(x) > i 
has a strong (C,€)-canonical neighborhood. In particular, for every x € M 
with R(x) > rp” the following two inequalities hold: 


ee 





2 
At “CR (a); 





|VR(z)| < CR?/?(z). 
With these assumptions we can say quite a bit about the limit metric at time T. 


THEOREM 11.19. Suppose that (M,G) is a generalized Ricci flow defined for 
0<t<T < © satisfying the three assumptions given inGiL.15| Let T~ < T be 
such that there is a diffeomorphism p: Mp- x [T~,T) — t~!((7~,T)) compatible 
with time and with the vector field. Set M = Mr- and let g(t), T” <t<T, be the 
family of metrics p*G(t) on M. Let QC M be the subset of defined by 


Q = {x € M]liminfy.7R,(x,t) < oo}. 


Then Q C M is an open subset and there is a Riemannian metric g(T) with the 
following properties: 


(1) Ast T the metrics g(t)|q limit to g(T) uniformly in the C®-topology on 
every compact subset of Q. 

(2) The scalar curvature R(g(T)) is a proper function from Q — R and is 
bounded below. 

(3) Let 


M = MVexir— ry (Ox [T7,T]). 


Then the generalized Ricci flow (M,G) extends to a generalized Ricci flow 
(M, G). 
(4) Every end of a connected component of Q is contained in a strong 2€-tube. 
(5) Any point « € Q x {T} with R(x) > 79? has a strong (2C, 2€)-canonical 
neighborhood in M. 


REMARK 11.20. Recall that by definition a function f is proper if the pre-image 
under f of every compact set is compact. 


In order to prove this result we establish a sequence of lemmas. The first in the 
series establishes that Q is an open subset and also establishes the first two of the 
above five conclusions. 


LEMMA 11.21. Suppose that (M,G) is a generalized Ricci flow defined for 0 < 
t<T < © satisfying the three assumptions given in{1L.18| Let T’ < T be as in the 
previous theorem, set M = Mr-, and let g(t) be the family of metrics on M and 
let QC M, each being as defined in the previous theorem. Then QC M is an open 
subset of M. Furthermore, the restriction of the family g(t) to Q converges in the 
C™-topology, uniformly on compact sets of Q, to a Riemannian metric g(T). Lastly, 
R(g(T)) is a proper function, bounded below, from Q to R. 
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PrRooF. We pull back G to M x [I~ ,T) to define a Ricci flow (M, g(t)), T~ < 
t < T. Suppose that « € Q. Then there is a sequence t,, — T’ as n — oo such that 
R(a,tn) is bounded above, independent of n, by say Q. For all n sufficiently large 
we have T — ty < ROO Fix such an n. Then, according to the Lemma[IL.2} 


there is r > 0 such that R(y,t) is uniformly bounded for y € B(x,tn,1r) x [tn,T). 
This means that B(x,tn,r) C OQ, proving that Q is open in M. 

Furthermore, since R(y,t) is bounded on B(z,tn,r) x [tn,T), it follows from 
the curvature pinching toward positive hypothesis that |Rm(y,t)| is bounded on 
B(a,tn,1r) X [tn, I). Now applying Theorem 2.28] we see that in fact Rm is bounded 
in the C™-topology on B(x,tn,7r) x [(tr + T)/2,T). The same is of course also 
true for Ric and hence for 24 in the C™-topology. It then follows that there is a 
continuous extension of g to B(x,tn,r) x [tn, T]. Since this is true for every x € Q 
we see that g(t) converges in the C®™-topology, uniformly on compact subsets of 2, 
to g(T). 

Lastly, let us consider the function R(g(T)) on Q. Since the metric g(T) is 
a smooth metric on (Q(T), this is a smooth function. Clearly, by the curvature 
pinching toward positive hypothesis, this function is bounded below. We must show 
that it is proper. Since M is compact, it suffices to show that if x, is a sequence 
in Q Cc M converging to a point x € M\Q then R(x,,T) is unbounded. Suppose 
that R(a,,T) is bounded independent of n. It follows from Lemma [I1.2] that there 
is a positive constant At such that R(x,,t) is uniformly bounded for all n and all 
t € [T — At,T), and hence, by the same result, there is r > 0 such that R(yn,t) 
is bounded for all n, all y, € B(ap,T — At,r), and all t € [T — At,T). Since the 
In > x € M, it follows that for all n sufficiently large that x € B(x,,T — At,r), 
and hence R(«,t) is uniformly bounded as t — T. This contradicts the fact that 
réQ. O 





DEFINITION 11.22. Let 
M = M Uox [T-,T) (Q x 7) é 


Since both M and Q x [T~,T] have the structure of space-times and the time 
functions and vector fields agree on the overlap, M inherits the structure of a space- 
time. Let G’(t), T~ <t<T, be the smooth family of metrics on Q. The horizontal 
metrics, G, on M and this family of metrics on Q agree on the overlap and hence 
define a horizontal metric G on M. Clearly, this metric satisfies the Ricci flow 
equation, so that (M, Ch is a generalized Ricci flow extending (M,G). We call this 
the mazimal extension of (M,G) to time T. Notice that even though the time-slices 
M;, of M are compact, it will not necessarily be the case that the time-slice 2 is 
complete. 


At this point we have established the first three of the five conclusions stated in 
Theorem [11.19] Let us turn to the last two. 


3.2. Canonical neighborhoods for (M, C); We continue with the notation 
and assumptions of the previous subsection. Here we establish the fifth conclusion in 
Theorem [11.19] namely the existence of strong canonical neighborhoods for (M, G) 
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LEMMA 11.23. For any « € 0 x {T} with R(x,T) > To" one of the following 
holds: 
(1) (x,T) is the center of a strong 2e-neck in (M, G). 
(2) There is a (2C,2¢)-cap in (Q(T),G(T)) whose core contains (x,T). 
(3) There is a 2C-component of Q(T) that contains (x,T). 
(4) There is a 2e-round component of Q(T) that contains (x,T). 


Proor. We fix « € Q(T) with R(z,T) > ro’. First notice that for all t < T 
sufficiently close to T we have R(x,t) > ro 2 Thus, for all such t the point (z, t) 
has a strong (C, €)-canonical neighborhood in (M,G) C (M ,G). Furthermore, since 
lim,.7R(az,t) = R(x,T) < o, for allt < T sufficiently close to T, there is a constant 
D < cw such that for any point y contained in a strong (C, €)-canonical neighborhood 
containing (x,t), we have D~!R(a,T) < R(y,t) < DR(«#,T). Again assuming that 
t < T is sufficiently close to T, by Lemma [11.2] there is D’ < oo depending only on 
D, t, and ro such that the curvature R(y,T) satisfies (D’)~'R(x,T) < R(y,T) < 
D'R(«x,T). By Lemma [11.21] this implies that there is a compact subset K Cc Q(T) 
containing all the (C,¢)-canonical neighborhoods for (x,t). By the same lemma, 
the metrics G(t)|« converge uniformly in the C®-topology to G(T)|x. If there is a 
sequence of t converging to T for which the canonical neighborhood of (y,t) is an 
€-round component, resp. a C-component, then (y,7) is contained in a 2e-round, 
resp. a 2C-component of Q. If there is a sequence of t, converging to T' so that 
each (y,t,) has a canonical neighborhood C,, that is a (C,€)-cap whose core contains 
(y, tn), then by Proposition |9.79]since these caps are all contained in a fixed compact 
subset AK and since the G(t,,)|K converge uniformly in the C®-topology to G(T)|x, 
it follows that for any n sufficiently large, the metric G(T) restricted to C,, contains 
a (2C, 2€)-cap C whose core contains (y,T). 

Now we examine the case of strong e-necks. 


CLAIM 11.24. Fix a point c € Q. Suppose that there is a sequence tn, — T such 
that for every n, the point (x, tn) is the center of a strong e-neck in M. Then (x,T) 
is the center of a strong 2e-neck in M. 


PROOF. By an overall rescaling we can assume that R(z,T) = 1. For each n let 
Nn C Q and let y,: S? x (—e7!,e~') — N, x {t} be a strong e-neck centered at 
(x,t,). Let B = B(a,T,2e—'/3). Clearly, for all n sufficiently large B C N,. Thus, 
for each point y € B and each n there is a flow line through y defined on the interval 
(tn — R(x, tn), tn]. Since the t, > T and since R(x, tn) ~ R(x,T) = 1 as n — ov, 
it follows that there is a flow line through y defined on (T — 1,7]. 

Consider the maps 

Qn: B x (-1,0] + M 

that send (y,t) to the value at time t, — tR(a,t,)~! of the flow line through y. 
Pulling back the metric R(z, ae: by @, produces the restriction of a strong ¢-neck 
structure to B. The maps a, converge uniformly in the C™-topology to the map 
a: B x (-1,0] - M defined by sending (y,t) to the value of the flowline through 
(y, 7’) at the time T—t. Hence, the sequence of metrics a*% (R(x, tn))G on B x (—1,0] 
converges uniformly on compact subsets of B x (—1,0] in the C°-topology to the 
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family a* (cc). Then, for all n sufficiently large, the image w,(S? x (—e~!/2, e~!/2)) 
is contained in B and has compact closure in B. Since the family of metrics WG 
on B converge smoothly to w*G, it follows that for every n sufficiently large, the 
restriction of w, to S? x (—e~!/2,e7!/2) gives the coordinates showing that the 
restriction of the family of metrics 7)*(G) to the image w,(S2 x (—e7!/2, 71 /2)) is 
a strong 2e-neck at time 7’. im 





This completes the proof of the lemma. O 


The lemma tells us that every point x € 2 x {T} with R(x) > rp? has a strong 
(2C, 2e)-canonical neighborhood. Since, by assumption, points at time before T’ 
with scalar curvature at least ro ? have strong (C,€)-canonical neighborhoods, this 
completes the proof of the fifth conclusion of Theorem [I1.19] It remains to establish 
the fourth conclusion of that theorem. 


3.3. The ends of (9, 9(T)). 


DEFINITION 11.25. A strong 2e-horn in (Q,g(T)) is a submanifold of Q diffeo- 
morphic to $? x [0,1) with the following properties: 
(1) The embedding w of S? x [0,1) into Q is a proper map. 
(2) Every point of the image of this map is the center of a strong 2e-neck in 
(M,G). 
(3) The image of the boundary S$? x {0} is the central sphere of a strong 2e-neck. 
DEFINITION 11.26. A strong double 2e-horn in (Q,9(T)) is a component of 2 
diffeomorphic to S$? x (0,1) with the property that every point of this component is 
the center of a strong 2¢-neck in M. This means that a strong double 2e-horn is a 
2e-tube and hence is a component of 2 diffeomorphic to S? x (—1,1). Notice that 
each end of a strong double 2¢e-horn contains a strong 2¢-horn. 
For any C’ < co, a C’-capped 2e-horn in (Q, 9(T')) is a component of 2 that is a 
the union of a the core of a (C’, 2e)-cap and a strong 2e-horn. Such a component is 
diffeomorphic to an open 3-ball or to a punctured RP?. 


See FIG. 


DEFINITION 11.27. Fix any p, 0 < p < ro. We define 2, C (2 to be the closed 
subset of all 2 € Q for which R(x,T) < p~?. We say that a strong 2e-horn 7: S? x 
(0,1) + Q has boundary contained in Q, if its boundary, ~(S? x {0}), is contained 
in Q,. 


LEMMA 11.28. Suppose that 0 < p < 19 and that ° is a component of Q which 
contains no point of Q,. Then one of the following holds: 

(1) 0° is a strong double 2e-horn and is diffeomorphic to S? x R. 

(2) 0° is a 2C-capped 2e-horn and is diffeomorphic to R® or to a punctured 
RP?. 

(3) ° is a compact component and is the union of the cores of two (2C, 2€)-caps 
and a strong 2e-tube. It is diffeomorphic to S*, RP? or RP?#RP?. 

(4) 0° is a compact 2€-round component and is diffeomorphic to a compact 
manifold of constant positive curvature. 
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FIGURE 2. Horns. 


(5) 0° is a compact component that fibers over S! with fibers S?. 
(6) Q° is a compact 2C-component and is diffeomorphic to S® or to RP?®. 


See Fic[3 


Proor. Let 2° be a component of 2 containing no point of Q,. Then for every 
x € 2°, we have R(x,T) > r9*. Therefore, by Lemma [11.23] (x,7) has a (2C, 2e)- 
canonical neighborhood. Of course, this entire neighborhood is contained in M 
and hence is contained in 9° (or, more precisely, in the case of strong 2e-necks in 
the union of maximum backward flow lines ending at points of 2°). If the canonical 
neighborhood of (2, 7’) € 2° is a 2C-component or is an 2e-round component, then of 
course 12° is that 2C-component or 2e-round component. Otherwise, each point of 2° 
is either the center of a strong 2e-neck or is contained in the core of a (2C,, 2€)-cap. We 
have chosen 2¢ sufficiently small so that the result follows from Proposition[i9.25} O 





REMARK 11.29. We do not claim that there are only finitely many such compo- 
nents; in particular, as far as we know there may be infinitely double 2¢-horns. 


It follows immediately from this lemma that if X is a component of 2 not con- 
taining any point of (,, then every end of X is contained in a strong 2e-tube. To 
complete the proof of Theorem [II.19] it remains only to establish the same result for 
the components of 2 that meet Q,. That is part of the content of the next lemma. 


LEMMA 11.30. Let (M,G) be a generalized 3-dimensional Ricci flow defined for 
0<t<T < © satisfying Assumptions Fir 0 < p < rq. Let 2°(p) be the 
union of all components of Q containing points of Q). Then Q°(p) has finitely many 
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FIGURE 3. Components of 2 disjoint from QQ). 


components and is a union of a compact set and finitely many strong 2€-horns each 
of which is disjoint from Q, and has its boundary contained in Qp/2c- 


PROOF. Since R: Q x {7} — R is a proper function bounded below, Q, is 
compact. Hence, there are only finitely many components of 2 containing points of 
Q,. Let 0° be a non-compact component of 2 containing a point of Q,, and let € 
be an end of 9°. Let 

X={xre 0°| R(x) > es Pag mae 
Then X is a closed set and contains a neighborhood of the end €. Since 2° contains 
a point of Q,, 0° \ X is non-empty. Let Xo be the connected component of X that 
contains a neighborhood of €. This is a closed, connected set every point of which 
has a (2C, 2e)-canonical neighborhood. Since Xo includes an end of 2°, no point of 
Xo can be contained in an e-round component nor in a C-component. Hence, every 
point of Xo is either the center of a strong 2e-neck or is contained in the core of 
a (2C,2e)-cap. Since 2e is sufficiently small to invoke Proposition [19.21] the latter 
implies that Xo is contained either in a 2e-tube which is a union of strong 2¢-necks 
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centered at points of Xg or Xo is contained in a 2C-capped 2¢-tube where the core of 
the cap contains a point of Xo. (Xo cannot be contained in a double capped 2e-tube 
since the latter is compact.) In the second case, since this capped tube contains an 
end of 2°, it is in fact equal to 2°. Since a point of Xo is contained in the core of the 
(2C, 2e)-cap, the curvature of this point is at most 2C7p~? and hence the curvature 
at any point of the cap is at least 2Cp~? > p~?. This implies that the cap is disjoint 
from Q,. Of course, any 2e-neck centered at a point of Xo has curvature at least 
C?p~? and hence is also disjoint from Q,. Hence, if 0° is a 2C-capped 2e-tube and 
there is a point of Xo in the core of the cap, then this component is disjoint from 
Q,, which is a contradiction. Thus, Xo is contained in a 2e-tube made up of strong 
2e-necks centered at points of Xo. 

This proves that Xo is contained in a strong 2e-tube, Y, every point of which has 
curvature > C?p~?. Since Xo is closed but not the entire component 2°, it follows 
that Xo has a frontier point y. Of course, R(y) = 2C?p~?. Let N be the strong 
2e-neck centered at y and let See be its central 2-sphere. Clearly, every y/ € cre 
satisfies R(y’) < 4C?p~?, so that $4, is contained in Q,/2¢. Let Y’ C Y be the 
complementary component of $2, in Y that contains a neighborhood of the end €. 
Then the closure of Y’ is the required strong 2¢e-horn containing a neighborhood of 
€, disjoint from 9, and with boundary contained in Q,/2¢. 

The last thing to see is that there are only finitely many such ends in a given 
component 2°. First suppose that the boundary 2-sphere of one of the 2e-horns is 
homotopically trivial in Q°. Then this 2-sphere separates 2° into two components 
one of which is compact and hence 9° has only one boundary component. Thus, 
we can assume that all the boundary 2-spheres of the 2e-horns are homotopically 
non-trivial. Suppose that two of these 2e-horns containing different ends of 2° have 
non-empty intersection. Let N be the 2e-neck whose central 2-sphere is the boundary 
of one of the 2e-horns. Then the boundary of the other 2e-horn is also contained 
in N. This means that the union of the two 2e-horns and N is a component of 2. 
Clearly, this component has exactly two ends. Thus, we can assume that all the 
2e-horns with boundary in Q,/9¢ are disjoint. If two of the 2e-horns have boundary 
components that are topologically parallel in 0° Q,/2c (meaning that they are the 
boundary components of a compact submanifold diffeomorphic to S$? x I), then 0° 
is diffeomorphic to S? x (0,1) and has only two ends. By compactness of Q,/2C; 
there can only be finitely many disjoint 2e-horns with non-parallel, homotopically 
noon-trivial boundaries in 2° /N Q,/2c. This completes the proof of the fact that 
each component of (2,/2¢ has only finitely many ends. O 





This completes the proof of Theorem [11.19 


4. Existence of strong 6-necks sufficiently deep in a 2e-horn 
We keep the notation and assumptions of the previous section. 


THEOREM 11.31. Fix p > 0. Then for any 6 > 0 there is an0 < h= h(06,p) < 
min(p- 6,p/2C), implicitly depending on r and (C,€) which are fixed, such that for 
any generalized Ricci flow (M,G) defined for0 <t<T < o satisfying Assump- 
tions [11.18] and for any 2e-horn H of (Q,g9(T)) with boundary contained in Qp)2c, 
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every point x € H with R(x,T) > h~? is the center of a strong 6-neck in (M, G) 
contained in H. Furthermore, there is a point y € H with R(y) = h-~? with the 
property that the central 2-sphere of the 6-neck centered at y cuts off an end of the 
H disjoint from Q,. See Fic. [4 






2e-horn 








strong d-neck 


FIGURE 4. 6-necks deep in a 2e-horn. 


PROOF. The proof of the first statement is by contradiction. Fix p > 0 and 
56 > 0 and suppose that there is no 0 < h < min(p- 6,p/2C) as required. Then 
there is a sequence of generalized Ricci flows (M,,,G,) defined for 0 < t < T, < co 
satisfying Assumptions [11.18] and points xz, € M,, with t(z,) = T, contained in 
2e-horns H,, in Q,, with boundary contained in (Qn) p/2¢ with Qn = R(t) — 00 as 
n — co but such that no 2, is the center of a strong d-neck in (M,,,G;,). Form the 
maximal extensions, (Mn, GC.) to time T of the (Mn, Gn). 


CLAIM 11.32. The sequence (Mn, Gry Zn) satisfies the five hypothesis of Theo- 
remUiL i 


PrRooF. By our assumptions, Hypotheses (1) and (3) of Theorem [1.1] hold for 
this sequence. Also, we are assuming that any point y € M, with R(y) > ro : 
has a strong (C,¢)-canonical neighborhood. Since R(xrp,) = Qn — co as n — oo 
this means that for all n sufficiently large, any point y € M, with R(y) = R(xn) 
has a strong (C,¢)-canonical neighborhood. This establishes Hypothesis (2) in the 
statement of Theorem [11.1 

Next, we have: 


CLAIM 11.33. For any A < oo for all n sufficiently large, B(2n,0, AQn/”) is 


contained in the 2e-horn Hy, and has compact closure in My. 


Proor. Any point z € OH, has scalar curvature at most 16C?p~? and there is 
a 2e-neck centered at z. This means that for all y with dg, (z,y) < €~'p/2C we have 
R(y) < 3207p~?. Hence, for all n sufficiently large, dg,,(%n,z) > €~'p/2C, and thus 
dG) (ins?) > Ql p/2c. This implies that, given A < oo, for all n sufficiently 
large, z ¢ Bg,G,(%n,0,A). Since this is true for all z € OH, it follows that for 
all n sufficiently large Bg,,.G,(%n,0,A) C Hn. Next, we must show that, for all n 
sufficiently large, this ball has compact closure. That is to say, we must show that 
for every A for all n sufficiently large the distance fro PORN EEE end of the horn 
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Hn is greater than AQn 1? Te not, then since the curvature at the end of Hy, goes 
to infinity for each n, this sequence would violate Theorem [10.2 | 





Because B(xn,0, AQn ue ) is contained in a 2e-horn, it is K-non-collapsed on scales 
<r for a universal « > 0 and r > 0. Also, because every point in the horn is the cen- 
ter of a strong 2e-neck, for every n sufficiently large and every y € B(ap,0, AQn Ms 2) 
the flow is defined on an interval through y defined for backward time R(y)~t. 

This completes the proof that all the hypotheses of Theorem hold and es- 


tablishes Claim [11.32] O 





We form a new sequence of generalized Ricci flows from the (M,,,G,,) by trans- 
lating by —T), so that the final time-slice is at t, = 0, where t,, is the time function 
for Mn. 

Theorem [11.1] implies that, after passing to a subsequence, there is a limit 
flow (Moo; Joo(t), (Loo, 0)), # € [—to,0]) defined for some tp > 0 for the sequence 
(QnMn, OnGn, Zp). Because of the curvature pinching toward positive assumption, 
by Theorem the limit Ricci flow has non-negative sectional curvature. Of 
course, R(t) = 1 so that the limit (Msc, goo (0)) is non-flat. 


CLAIM 11.34. (Mgo,900(0)) is isometric to the product (S?,h) x (IR, ds”), where 
h is a metric of non-negative curvature on S? and ds? is the usual Euclidean metric 
on the real line. 


PROOF. Because of the fact that the (M,,G,) have curvature pinched toward 
positive, and since Q,, tend to co as n tends to infinity, it follows that the geometric 
limit (Moc, goo) has non-negative curvature. In H,, take a minimizing geodesic ray 
Q, from x, to the end of H, and a minimizing geodesic G,, from x, to OHy. As 
we have seen, the lengths of both a, and G, tend to oo as n — oo. By passing 
to a subsequence, we can assume that the a, converge to a minimizing geodesic 
ray a in (Mx,9o0) and that the 6, converge to a minimizing geodesic ray (@ in 
(Moo; Joo). Since, for all n, the union of a, and G,, forms a piecewise smooth ray in 
Hy meeting the central 2-sphere of a 2e-neck centered at x, in a single point and 
at this point crossing from one side of this 2-sphere to the other, the union of @ 
and ( forms a proper, piecewise smooth map of R to M, that meets the central 
2-sphere of a 2e-neck centered at xo in a single point and crosses from one side to 
the other at the point. This means that Mx has at least two ends. Since (Mo, goo) 
has non-negative curvature, according to Theorem 2.13] this implies that M. is a 
product of a surface with R. Since M has non-negative curvature, the surface has 
non-negative curvature. Since M has positive curvature at at least one point, the 
surface is diffeomorphic to the 2-sphere. O 





According to Theorem [11.1] after passing to a subsequence there is a limit flow 
defined on some interval of the form [—to,0] for to > 0. Suppose that, after passing 
to a subsequence there is a limit flow defined on [—T,0] for some 0 < T < oo. It 
follows that for any t € [—T,0], the Riemannian manifold (Moo, 9go0(t)) is of non- 
negative curvature and has two ends. Again by Theorem [2.13] this implies that for 
every t € [—T,0] the Riemannian manifold (Moo, goo(t)) is a Riemannian product of 
a metric of non-negative curvature on $? with R. Thus, by Corollary [4.19] the Ricci 
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flow is a product of a Ricci flow ($7, h(¢)) with the trivial flow on (R, ds). It now 
follows from Corollary [4.14] that for every t € (—T,0] the curvature of go.(t) on $? 
is positive. 

Let M,, be the zero time-slice of M,,. Since (Moo, Joo; Zoo) is the geometric limit of 
the (Mn, QnGn(0), 2n), there is an exhausting sequence %oo € Vi C V2 C -:: of open 
subsets of M,, with compact closure and embeddings y,: Viz — My, sending ro 
to x, such that y*(QnGp(0)) converges in the C°°-topology, uniformly on compact 
sets, tO goo. 


CLAIM 11.35. For any z € Moa for all n sufficiently large, z © Vn, so that yn(z) 
is defined. Furthermore, for all n sufficiently large, there is a backward flow line 
through pn(z) in the generalized Ricci flow (QrnMn,QnGn) defined on the interval 
(-T-— (Ron, (Yn(z),0)/2),0]. The scalar curvature is bounded above on this entire 
flow line by R(vn(z), 0). 


PrRooF. Of course, for any compact subset K C M, and any ?t’ < T for all n 
sufficiently large, K C V,, and there is an embedding y,(K) x [-t’,0] C Qn Mn 
compatible with time and the vector field. The map y,, defines a map Q7!y,: K x 
[—-Q,,'t’,0] ~ My. Since the scalar curvature of the limit is positive, and hence 
bounded away from zero on the compact set K x [—t’,0] and since Q,, — oo as 
n tends to infinity the following is true: For any compact subset K C M and 
any t’ < T, for all n sufficiently large, the scalar curvature of G;, on the image 
Q7!yn(K) x [-Q;1t/,0] is greater than r9*, and hence for all n sufficiently large, 
every point in Q7'y,(K) x [-Q;,'t’, 0] has a strong (C,¢)-canonical neighborhood 
in M,. Since having a strong (C,¢)-canonical neighborhood is invariant under 
rescaling, it follows that for all n sufficiently large, every point of y,(K) x [—t’, 0] 
has a strong (C,€)-canonical neighborhood. 

Next we claim that, for all n sufficiently large and for any t € [—t’, 0], the point 
(Yn(z),t) is the center of a strong e-neck. We have already seen that for all n 
sufficiently large (Yp(z),t) has a strong (C,¢)-canonical neighborhood. Of course, 
since M, is non-compact, for n sufficiently large, the canonical neighborhood of 
(Yn(z),t) must either be a (C,e€)-cap or a strong e-neck. We shall rule out the 
possibility of a (C,¢)-cap, at least for all n sufficiently large. 

To do this, take kK to be a neighborhood of (z,0) in the limit (Moo, goo(0)) with 
the topology of S? x I and with the metric being the product of a positively curved 
metric on S? with the Euclidean metric on J. We take K to be sufficiently large 
to contain the 2C-ball centered at (z,0). Because the limit flow is the product 
of a positively curved flow on S? with the trivial flow on R, the flow is distance 
decreasing. Thus, for every t € [—t’,0] the submanifold K x {t} contains the ball in 
(Moo; Joo(t)) centered at (z,t) of radius 2C. For every n sufficiently large, consider 
the submanifolds y, (A) x {t} of (Mn, QnGn(t)). Since the metrics py} QnGn(t) are 
converging uniformly for all t € [—t’, 0] to the product flow on K, for all n sufficiently 
large and any t € |-t’, 0], this submanifold contains the C-ball centered at (yn (z), t) 
in (Mn, QnG,(t)). Furthermore, the maximal curvature two-plane at any point of 
(n(K) x {t} is almost tangent to the $?-direction of K. Hence, by Lemma [19.2] the 
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central 2-sphere of any e-neck contained y,(K) x {t} is almost parallel to the $?- 
factors in the product structure on K at every point. This implies that the central 
2-sphere of any such e-neck is isotopic to the $?-factor of y,(K) x {t}. Suppose 
that (Y,(z),t) is contained in the core of a (C,¢)-cap C. Then C is contained in 
pn(K) x {t}. Consider the e-neck N C C that is the complement of the core of C. Its 
central 2-sphere, ©, is isotopic in K to the 2-sphere factor of K, but this is absurd 
since }} bounds a 3-ball in the C. This contradiction shows that for all n sufficiently 
large and all t € [-t’, 0], it is not possible for (y,(z),t) to be contained in the core 
of a (C,€)-cap. The only other possibility is that for all n sufficiently large and all 
t € [-t’, 0] the point (y,(z),t) is the center of a strong e-neck in (Mn, QnGn(t)). 

Fix n sufficiently large. Since, for all t € {[—t’,0], the point (y,(z),t) is the center 
of a strong e-neck, it follows from Definition that for all t € [-t’,0] we have 
R(gn(z), t) < R(Yn(z),0) (this follows from the fact that the partial derivative in 
the time-direction of the scalar curvature of a strong ¢-neck of scale one is positive 
and bounded away from 0). It also follows from Definition [9.78] that the flow near 
(Yn(z), -t’) extends backwards to time 


—t — Rona, (Onlet')) < —t — Roig, (Pn(z,0)), 


with the same inequality for scalar curvature holding for all t in this extended inter- 
val. Applying this for t’ < T but sufficiently close to T establishes the last statement 
in the claim, and completes the proof of the claim. O 





Let Qo be the upper bound of the scalar curvature of (Mo, 9o0(0)). By the 
previous claim, Qo is also an upper bound for the curvature of (Mz, goo (—t’)) for any 
t'<T. Applying Theorem[[LI]to the flows (Mn, QnGn(t)), —t/ —Qp'/2 <t < -t, 
we conclude that there is tg depending only on the bound of the scalar curvature 
of (Moo, Joo(—t’)), and hence depending only on Qo, such that, after passing to a 
further subsequence the limit flow exists for t € [—t’ — to, —t’]. Since the limit flow 
already exists on [—t’,0], we conclude that, for this further subsequence, the limit 
flow exists on [—t’ — to,0]. Now apply this with t/ = T — to/2. This proves that 
if, after passing to a subsequence, there is a limit flow defined on [—T,0], then, 
after passing to a further subsequence there is a limit flow defined on [—T — to/2, 0] 
where t 9 depends only on Qo, and in particular, is independent of T. Repeating 
this argument with T + (to/2) replacing T’, we pass to a further subsequence so that 
the limit flow is defined on [—T — to,0]. Repeating this inductively, we can find a 
sequence of subsequences so that for the n subsequence the limit flow is defined on 
[—T — nto, 0]. Taking a diagonal subsequence produces a subsequence for which the 
limit is defined on (—oo, 0]. 

The limit flow is the product of a flow on S? of positive curvature defined for t € 
(—oo, 0] and the trivial flow on R. Now, invoking Hamilton’s result (Corollary (9.50), 
we see that the ancient solution of positive curvature on S? must be a shrinking 
round $?. This means that the limit flow is the product of the shrinking round S$? 
with R, and implies that for all n sufficiently large there is a strong 6-neck centered 
at 2. This contradiction proves the existence of h as required. 

Now let us establish the last statement in Theorem The subset of H 
consisting of all z € H with R(z) < p~? is compact (since R is a proper function), 
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and disjoint from any d-neck of scale h since h < p/2C. On the other hand, for 
any point z € H with R(z) < p~? take a minimal geodesic from z to the end of H. 
There must be a point y on this geodesic with R(y) = h~?. The 6-neck centered at 
y is disjoint from z (since h < p/2C) and hence this neck separates z from the end 
of H. It now follows easily that there is a point y € H with R(y) = h~? and such 
that the central 2-sphere of the 6-neck centered at y divides H into two pieces with 
the non-compact piece disjoint from Q,. | 





COROLLARY 11.36. We can take the function h(p, 6) in the last lemma to be < dp, 
to be a weakly monotone non-decreasing function of 6 when p is fixed, and to be a 
weakly monotone non-decreasing function of p when 6 is held fixed. 


ProoF. If h satisfies the conclusion of Theorem [11.31] for p and 6 and if p’ > p 
and 6’ > 6 then h also satisfies the conclusion of Theorem for p’ and 0’. 
Also, any h’ < h also satisfies the conclusion of Theorem [11.31] for 6 and p. Take a 
sequence (dn, Pn) where each of the sequences {6,,} and {p,,} is a monotone decreasing 
sequence with limit 0. Then we choose hy, = h(pn,5n) < Pndn as in the statement of 
Theorem We of course can assume that {h,,}, is a non-increasing sequence 
of positive numbers with limit 0. Then for any (p,0) we take the largest n such that 
p> Pn and 6 > dp, and we define h(p, 6) to be h,, for this value of n. This constructs 
the function h(6, p) as claimed in the corollary. O 





CHAPTER 12 


The standard solution 


The process of surgery involves making a choice of the metric on a three-ball to 
‘glue in’. In order to match approximatively with the metric coming from the flow, 
the metric we glue in must be asymptotic to the product of a round two-sphere and 
an interval near the boundary. There is no natural choice for this metric; yet it 
is crucial to the argument that we choose an initial metric so that the Ricci flow 
with these initial conditions has several properties. Conditions on the initial metric 
that ensure the required properties for the subsequence flow are contained in the 
following definition. 


DEFINITION 12.1. A standard initial metric is a metric gq on R? with the following 
properties: 
go is a complete metric. 
go has non-negative sectional curvature at every point. 
go is invariant under the usual SO(3)-action on R°. 
there is a compact ball B C R? so that the restriction of the metric go to 
the complement of this ball is isometric to the product ($7, h) x (Rt, ds?) 
where h is the round metric of scalar curvature 1 on S?. 
go has constant sectional curvature 1/4 near the origin. (This point will be 
denoted p and is called the tip of the initial metric.) 


See FIG. 


Actually, one can work with an alternative weaker version of the fourth condition, 
namely: 
(iv) go is asymptotic at infinity in the C™-topology to the product of the round 
metric ho on S? of scalar curvature 1 with the usual metric ds? on the real line. By 
this we mean that if x, € R® is any sequence converging to infinity, then the based 
Riemannian manifolds (R°, go, 7) converge smoothly to (S?, ho) x (IR, ds”). But we 
shall only use standard initial metrics as given in Definition [12.1 


positive curvature S? x [0,00) 





N 


FIGURE 1. A standard initial metric. 
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LEMMA 12.2. There is a standard initial metric. 


Proor. We construct our Riemannian manifold as follows. Let (xo, 21, 22, 73) 
be Euclidean coordinates on R*. Let y = f(s) be a function defined for s > 0 and 
satisfying: 

(1) f is C™ on (0, 00) 

(2) f(s) > 0 for all s > 0. 

(3) f”(s) <0 for all s > 0. 

(4) There is s; > 0 such that f(s) = /2 for all s > 1. 

(5) There is s9 > 0 such that f(s) = V4s — s? for all s € [0, so]. 


Given such a function f, consider the graph 
T= {(xo, 21) |z9 > 0 and x; = f(z0)} 
in the (ao, 21)-plane. We define }(f) by rotating [ about the x-axis in four-space: 
X(f) = {(wo, 21, 22,23) |z9 > 0 and aj + 23 + 23 = f(z0)”}. 


Because of the last condition on f, there is a neighborhood of 0 € X(f) that is 
isometric to a neighborhood of the north pole in the three-sphere of radius 2. Because 
of this and the first item, we see that (f) is a smooth submanifold of R*. Hence, 
it inherits a Riemannian metric go. Because of the fourth item, a neighborhood of 
infinity of (=(f), go) is isometric to (S,h) x (0,00), and in particular, (©(f), go) is 
complete. Clearly, the rotation action of S0(3) on (f), induced by the orthogonal 
action on the last three coordinates in R*, is an isometric action with the origin as the 
only fixed point. It is also clear that X(f) is diffeomorphic to R® by a diffeomorphism 
that send the SO(3) action to the standard one on R°. 

It remains to compute the sectional curvatures of go. Let q € U(f) be a point 
distinct from the fixed point of the SO(3)-action. Direct computation shows that the 
tangent plane to the two-dimensional SO(3)-orbit through q is a principal direction 
for the curvature, and the sectional curvature on this tangent two-plane is given by 

1 

f(g? + f(a?) 
On the subspace in A?T,X(f) perpendicular to the line given by this two-plane, the 
curvature is constant with eigenvalue 

=f) 

POU faye 
Under our assumptions about f, it is clear that X(f) has non-negative curvature 
and has constant sectional curvature 1/4 near the origin. It remains to choose the 
function f satisfying Items (1) — (5) above. 

Consider the function h(s) = (2 — s)/V4s — s?. This function is integrable from 
0 and the definite integral from zero to s is equal to V4s—s?. Let A(s) be a 
non-increasing C'°-function defined on {0,1/2], with » identically one near 0 and 
identically equal to 0 near 1/2. We extend A to be identically 1 for s < 0 and 
identically 0 for s > 1/2. Clearly, 


: * (s)(s —3/2)ds > i pais <p 
0 0 
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and 
| TON | Mer er 
0 0 

Hence, for some so € (1/2,3/2) we have 

if h(s)A(s — so)ds = V2. 

0 

We define P 

Oe if ho Needle. 


It is easy to see that f satisfies all the above conditions. 














The following lemma is clear from the construction. 
LEMMA 12.3. There is Ag < co such that 
(R \ B(O, Ao), 9(0)) 
is isometric to the product of a round metric on S? of scalar curvature 1 with the 
Euclidean metric on (0,00). There is a constant K < co such that the volume of 
B,o) (0, Ao) is at most K. Furthermore, there is a constant D < 00 so that the scalar 


curvature of standard initial metric (IR°,g(0)) is bounded above by D and below by 
Oy 


0.1. Uniqueness and properties: The statement. Fix once and for all 
a standard initial metric gy on R?. 


DEFINITION 12.4. A partial standard Ricci flow is a Ricci flow (R°,g(t)), 0<t< 
T, such that g(0) = go and such that the curvature is locally bounded in time. We 
say that a partial standard Ricci flow is a standard Ricci flow if it has the property 
that TJ is maximal in the sense that there is no extension of the flow to a flow on 
a larger time interval [0,7’) with T’ > T with the property that the extension has 
curvature locally bounded in time. 


Here is the main result of this chapter. 


THEOREM 12.5. There is a standard Ricci flow defined for some positive amount 
of time. Let (R°,g(t)), 0 <t < T, be a standard Ricci flow. Then the following 
hold. 

(1) (Uniqueness): Jf (R°,g/(t)), 0 <t <I", is a standard Ricci flow, then 
T’ =T and g(t) = g(t). 

(2) (Time Interval): T = 1. 

(3) (Positive curvature): For each t € (0,1) the metric g(t) on R® is com- 
plete of strictly positive curvature. 

(4) (SO(3)-invariance): For eacht € [0,T) the Riemannian manifold (R°, g(t)) 
is invariant under the SO(3)-action on R®. 

(5) (Asymptotics at co): For any to < 1 and any € > 0 there is a compact 
subset X of R® such that for any x € R?\ X the restriction of the standard 
flow to an appropriate neighborhood of x for time t € [0,to] is within € in the 
Cl!/¢l-topology of the product Ricci flow (S? x (—e7!,e€7!)), h(t) x ds?, 0< 
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t < to, where h(t) is the round metric with scalar curvature 1/(1 — t) on 
iS? 

(6) (Non-collapsing): There are r > 0 and « > 0 such that (IR?,g(t)), 0 < 
t <1, is k-non-collapsed on scales less than r. 


The proof of this result occupies the next few subsections. All the properties 
except the uniqueness are fairly straightforward to prove. We establish uniqueness 
by reducing the Ricci flow to the Ricci-DeTurck by establishing the existence of a 
solution to the harmonic map flow in this case. This technique can be made to 
work more generally in the case of complete manifolds of bounded curvature, see 
[12], but we preferred to give the more elementary argument that covers this case, 
where the symmetries allow us to reduce the existence problem for the harmonic 
map flow to a problem that is the essentially one-dimensional. Also, in the rest 
of the argument one does not need uniqueness, only a compactness result for the 
space of all Ricci flows of bounded curvature on each time-slice with the given initial 
conditions. Kleiner and Lott pointed out to us that this uniqueness can be easily 
derived from the other properties by arguments similar to those used to establish 
the compactness of the space of «-solutions. 


1. Existence of a standard flow 


For any R < oo, denote by Br C R?, the ball of radius R about the origin in the 
metric gg. For R > Ag+1, a neighborhood of the boundary of this ball is isometric to 
($7, h) x (0, 1], ds”). Thus, in this case, we can double the ball, gluing the boundary 
to itself by the identity, forming a manifold we denote by oe The doubled metric 
will be a smooth Riemannian metric gr on SB. Let p € Se be the image of the 
origin in the first copy of Br. Now take a sequence, R,, tending to infinity to 
construct based Riemannian manifolds ($3. gr,» Pp) that converge geometrically to 
(R®,90,p). For each n, let (S%_,gr,(t)), 0 < t < T, be maximal Ricci flow with 
(S%. IRn) as initial metric. The maximum principle applied to Equation (8.7), 
OR/dt = AR + |Ric|?, then implies by Proposition that the maximum of R 
at time t, Rmax(t) obeys the inequality ORmax/Ot < Rmax(t)?, and integrating this 
inequality (i.e., invoking Lemma [2.22) one finds a positive constants to and Qo such 
that for each n, the norm of the scalar curvature of gpr,,(t) are bounded by Qo on 
the interval [0, max(to, T;,)). By Corollary for each n the sectional curvature 
of the flow (S2%,gr,,(t)), 0 < t < Ty, is non-negative, and hence the sectional 
curvature of this flow is also bounded by Qo on [0,max(to,T;,)). It now follows 
from Proposition [4.12] and the fact that the T;,, are maximal that T,, > to for all 
n. Since the Riemann curvatures of the (5% ,gr,(t)), 0 < t < to, are bounded 
independent of n, and since the (Sh 9Rn p) converge geometrically to (R*, go, p), it 
follows from Theorem [5.15] that there is a geometric limiting flow defined on (0, to). 
Since this flow is the geometric limit of flows of uniformly bounded curvature, it has 
uniformly bounded curvature. Taking a maximal extension of this flow to one of 
locally bounded curvature gives a standard flow. 


2. COMPLETENESS, POSITIVE CURVATURE, AND ASYMPTOTIC BEHAVIOR 297 


2. Completeness, positive curvature, and asymptotic behavior 


Let (R?, g(t), t € [0,7), be a partial standard solution. Let y; — oo be the 
sequence of points in R® converging to infinity. From the definition we see that the 
based Riemannian manifolds (R3, 90; Yi) converge smoothly to (S$? x R, h(0) x ds?) 
where h(0) is the round metric of scalar curvature 1 on S?. 

Let us begin by proving the third item in the statement of Theorem [12.5 


LEMMA 12.6. For each to € (0,7) the Riemannian manifold (R°,g(to)) is com- 
plete and of positive curvature. 


Proor. Fix to € [0,7). By hypothesis (R°,g(t)), 0 < t < tg has bounded 
curvature. Hence, there is a constant C’ < oo such that g(0) < Cg(to), so that for 
any points x,y € R?, we have do(z,y) < VCd;,(x,y). Since g(0) 
implies that g(to) is also complete. 

Now let us show that (1, g(to)) has non-negative curvature. Here, the argument 
is the analogue of the proof of Corollary [4.13] with one additional step, the use of a 
function y to localize the argument. Suppose this is false, i.e., suppose that there is 
x € M with Rm(z, to) having an eigenvalue less than zero. Since the restriction of 
the flow to [0,to] is complete and of bounded curvature, according to for any 
constants C' < co and 7 > 0 and any compact subset kK C M x [0, to] there is « > 0 
and a function y: M x |[0,t9] — R with the following properties: 


(1) vl <n. 

(2) yp > € everywhere. 

(3) For each ¢ € (0, to] the restriction of y to M x {t} goes to infinity at infinity 
in the sense that for any A < oo the pre-image y1([0, A} M (M x {t}) is 
compact. 

(4) On all of M x [0, to] we have (2 —A)p>Cp. 


is complete, this 


Recall from Section [2.1] that T is the curvature tensor written with respect to an 
evolving orthonormal frame {Fy} for the tangent bundle. Consider the symmetric, 
horizontal two-tensor T = 7 +g. Let ji(x,t) denote the smallest eigenvalue of this 
symmetric two-tensor at (x,t). Clearly, since the curvature is bounded, it follows 
from the third property of y that for each ¢ € [0, to] the restriction of ji to M x {t} 
goes to infinity at infinity in M. In particular, the subset of (2,t) € M x [0,to] with 
the property that fi(x,t) < fi(y,t) for all y € M is a compact subset of M x [0, to]. 
It follows from Proposition 2.23] that f(t) = minzeyfi(z,t) is a continuous function 
of t. Choosing 7 > 0 sufficiently small and K to include (z, to), then T will have a 
negative eigenvalue at (x,to). Clearly, it has only positive eigenvalues on M x {0}. 
Thus, there is 0 < t; < tp so that T has only positive eigenvalues on M x {0,t1) 
but has a zero eigenvalue at (y,t,) for some y € M. That is to say, T > —yg on 
M x (0,t1]. Diagonalizing T at any point (x,t) with t < t,, all its eigenvalues are 
at least —y(x,t,). It follows immediately that on M x [0,t1] the smallest eigenvalue 
of the symmetric form T? + T*# is bounded below by 2y. Thus, choosing C' > 4 we 
see that for t < t; every eigenvalue of T? + T* is at least —Cy/2. 
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We compute the evolution equation using the formula in Lemma for the 
evolution of JT in an evolving orthonormal frame: 


OT oT 9A 
= 444 _ Ric(g) 


“Ot at" Ot 
= AT+T?+T¥4+ oe — 2yRic(g) 
= fT ETO LT + (3 — Ay) g — 2yRic(g) 


V 


AT +7? +T* + (Cg — 2Ric(g)) v. 


Since every eigenvalue of T? + T# on M x (0, t,] is at least —Cy/2, it follows that 
on M x (0, t1] 


n 


OT ~ 
Once again assuming that C is sufficiently large, we see that for any t < t, 
OT _ aw 
— > AT. 
oF 
Thus, at any local minimum z € M for ji(-,t), we have 
Ofi 
—>0. 
Ot — 


This immediately implies by Proposition [2.23] that w(t) = minzeyfi(a,t) is a non- 
decreasing function of t. Since its value at t = 0 is at least e« > 0 and its value at t1 
is zero, this is a contradiction. This establishes that the solution has non-negative 
curvature everywhere. Indeed, by Corollary it has strictly positive curvature 
for every t > 0. CO 





Now let us turn to the asymptotic behaviour of the flow. 

Fix T’ < T. Let yz be a sequence tending to infinity in (R°,go). Fix R < oo. 
Then there is ko(R) such that for all k > ko(R) there is an isometric embedding 
wp: (S?,h)x(—R, R) — (R?, go) sending (x, 0) to yx. These maps realize the product 
(S?,h) x (R,ds?) as the geometric limit of the (IR°, go, y;). Furthermore, for each 
R< o there is a uniform C® point-wise bound to the curvatures of go restricted 
to the images of the w, for k > ko(R). Since the flow g(t) has bounded curvature 
on R® x [0,7"], it follows from Theorem that there are uniform C point- 
wise bounds for the curvatures of g(t) restricted to ~,(S? x (—R,R)). Thus, by 
Theorem[5.14] after passing to a subsequence, the flows y9(t) converge to a limiting 
flow on S? x R. Of course, since the curvature of g(t) is everywhere > 0, the same 
is true of this limiting flow. Since the time-slices of this flow have two ends, it 
follows from Theorem 2.13]that every manifold in the flow is a product of a compact 
surface with R. According to Corollary [4.20]this implies that the flow is the product 
($2, h(t)) x (IR, ds”). This means that given ¢ > 0, for all k sufficiently large, the 
restriction of the flow to the cylinder of length 2R centered at y, is within € in the 
Cl/¢_topology of the shrinking cylindrical flow on time [0,7’]. Given « > 0 and 
R < oo this statement is true for all y outside a compact ball B centered at the 
origin. 
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We have now established the following 


PROPOSITION 12.7. Given T’ < T and € > 0 there is a compact ball B centered 
at the origin of IR° such that the restriction of the flow (R? \ B,g(t)), O<t<T", is 
within € in the Cl!/4|-topology of the standard evolving cylinder (S?, h(t)) x (Rt, ds”). 


COROLLARY 12.8. The maximal time T is < 1. 


ProoF. If T > 1, then we can apply the above result to T’ with 1 < TJ’ < T,and 
see that the solution at infinity is asymptotic to the evolving cylinder (97, h(t)) x 
(IR, ds”) on the time interval [0,7”]. But this is absurd since this evolving cylindrical 
flow becomes completely singular at time T = 1. O 





3. Standard solutions are rotationally symmetric 


Next, we consider the fourth item in the statement of the theorem. Of course, 
rotational symmetry would follow immediately from uniqueness. But here we shall 
use the rotational symmetry to reduce the uniqueness problem to a one-dimensional 
problem which we then solve. One can also use the general uniqueness theorem for 
complete, non-compact manifolds due to Chen and Zhu ({12]), but we have chosen 
to present a more elementary, self-contained argument in this special case which we 
hope will be more accessible. 

Let Ric;; be the Ricci tensor and Ric/, = g’/Ricj, be the dual tensor. Let X be 
a vector field evolving by 


(12.1) ox = AX + Ric(X,-)*. 
In local coordinates (21,...,2”), if X = X*0;, then the equation becomes 
(12.2) 2 = (AX)! + Ric) X* 


Let X* denote the dual one-form to X. In local coordinates we have X* = X#dz' 
with X; = Gig XI . Since the evolution equation for the metric is the Ricci flow, the 
evolution equation for X* is 








ix” 
“x = AX* — Ric(X,:), 
or in local coordinates 
aL = (AX i —_ Ric;;X/. 


LEMMA 12.9. With X and its dual X* evolving by the above equations, set V = 
VX*, so that V is a contravariant two-tensor. In local coordinates we have V = 
Vijdx’ @ dx? with 

Vig = (ViX)3 = gyn(ViX)*. 
This symmetric two-tensor satisfies 


a . . | 
(12.3) wv =AV- (2R "Vi + Ric,Vjj + Ric} Vin) dax® @ dex’. 
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REMARK 12.10. The covariant derivative acts on one-forms w in such a way that 
the following equation holds: 


(V(w),€) = (w, V(g)) 
for every vector field €. This means that in local coordinates we have 
Vo, (dx*) = -T'Fda'. 
Similarly, the Riemann curvature acts on one-forms w satisfying 
Rm(é1, €2)(w)(€) = —w (Rm(&1, €2)(€)) - 
Recall that in local coordinates 
Rijri = (Rm(0;, 0; )(O), Ox)- 


Thus, we have 
Rm(0;, 0;) (dx) = —g** Ri jada! = —R,;* dz", 
where as usual we use the inverse metric tensor to raise the index. 
Also, notice that AX; —Ric,X* = —A,X; , where by Ag we mean the Laplacian 


associated to the operator d from vector fields to one-forms with values in the vector 
field. Since 


(ii 160) =<, (-V'x;) 2 (-v*) (ViVi 
= ViV"X_ + VIV EXE — VV XE 
= REX; + VV RX; = AX; — Riel X;. 


ProoF. (of Lemma[12.9) The computation is routine, if complicated. We make 
the computation at a point (p,t) of space-time. We fix local g(t)-Gaussian coordi- 


nates (a!,...,a”) centered at p for space, so that the Christoffel symbols vanish at 
(p, €). 
We compute 
O O 0 0 
oy = 29x) (2 Ls] tde® @ de +v(z ) 
= (—V'Ricx, + VeRicl, + V;Ric;,) Xtda* @ dai 
(12.4) +V (AX* — Ric(X,-)). 
We have 


V(AX*) 


Vv ((u"* (V,V5(X*) 2 r..WiX*)) 


gf (¥ (V-V6(X") -Th,ViX")). 


Let us recall the formula for commuting V and V,. The following is immediate 
from the definitions. 


CLAIM 12.11. For any tensor d we have 


V(V,¢) = V-(V¢) + dr* ® Rm(dx, 0)(¢) — Vr(dz') ® Vi(4). 
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Applying this to our formula gives 
V(AX*) = gi (V-VV.X" + de® @ Rm(Ip, ,)(VoX*) — Vr (de!) @ WIV .X* 
-V(T1ViX*)) 
Now we apply the same formula to commute V and V,. The result is 
V(AX*) = g’ (V,V.VX* EW, (ae! @ Rm(dg, d.)X* — Vede! @ Vix") 
+dx* @ Rm(dy, d,)(VsX*) — V,(dz!) @ VV.X* — V(Ti.ViX")) 
Now we expand 
V, (ax! @ Rm(d%, 0.) X* — Vedz! @ VX") 
= V,(dx*) ® Rm(d,, 0,)X* + de® @ V,(Rm(Qg, O;)).X* 
+da™ @ Rm(Og, O5)VrX* — VV ede! @ ViX* — Veda! @ VV LX" 


Invoking the fact that the Christoffel symbols vanish at the point of space-time 
where we are making the computation, this above expression simplifies to 


Vv, (ae @ Rm(d, d,)X* — Vedz! ® Vix") 
= dzx* @V,(Rm(d,,0,))X* + dx* @ Rm(dz, 05)V-X* — VV edz! @ VX". 
Also, expanding and using the vanishing of the Christoffel symbols we have 
=V(lL,Vix*) = dle Vi X* —TLVVXx* 
gl OVX 


Plugging these computations into equation above and using once more the van- 
ishing of the Christoffel symbols gives 


V(AX*) = A(VX*) +9" (ax! @ V,(Rm(Op, 9g) X* + da*® @ Rm(dq, 05) Vi X* 
-V,V de! @ V/X* + de® @ Rm(d, ,)(VX*) — dl, ® ViX*) 


Now by the symmetry of g’* we can amalgamate the second and fourth terms on 
the right-hand side to give 


V(AX*) = A(VX*) +g" (ae! @ V,(Rim(Op, 05) X* 
42dx* @ Rm(Oy, Os)VrX* — V,Veda! @ V)X* — d0!, @ VX") 
We expand 
Rm(d;,0s)VrX* = —Rxs! Vide? 
Also we have (again using the vanishing of the Christoffel symbols) 
—-V,V,de!-—al', = V-U,dx* — 0,0 de® 
= Ryx! de®. 
Lastly, 
V (R(x, Os))X* = —(VrR)as ,Xidel. 
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Plugging all this in and raising indices yields 
V(AX*) = A(VX*) — 9" (VrR)gs' ;Xfdx* ® dad — 2Rg" ;Viida* ®@ da 
+9" Rr’ Vida" & dad 
= A(VX*)—g"(VrR)gs? Xfdz* ® da! — 2R,",Viidz* @ dx! 
—Ric), Vida" @ da. 
Thus, we have 
V(AX*) — V(Ric(X,-)*) = 
A(VX"*) — 9" (Vr R)ks ;Xfdz* @ dx? — 22," ;Vuda* & de! 
7 (Ric, Vi + Vi(Ric))X? + Ric} Vir) dx @ dx, 
and consequently, plugging back into Equation (12.4), and canceling the two like 
terms appearing with opposite sign, we have 


oy = (-V'Ric,; + VjRic,) Xfde* @ def + AVX") 
—g"*(VrR)ks ,Xpda* @ dx! — IR." Vi ida* @ dx! 
— (Ric Vij + Rich Vi) de® @ ded. 
The last thing we need to see in order to complete the proof is that 
—g"°(VrR)ks_; — V' Rica; + VjRic, = 0. 
This is obtained by contracting g’* against the Bianchi identity 
VrRrs'j + V'Rrsjr + ViRsr’ = 0. 





O 
Let hi; be defined by hi; = Vij + Vjs. It follows from (12.3) that 
0 
(12.5) api = Arhi, 


where by definition Ay;h;; = Ahi + OR jhe — Rickhy; — Rich hpi is the Lich- 
nerowicz Laplacian. A simple calculation shows that there is a constant C > 0 
such that 


ra) n 
(12.6) (5 — A) |hsj|? = —2|Vahajl? + 4ROM Aj phat 


(12.7) S Ihasl < A |haj|? — 2|Vahagl? + C |hagl?. 

Note that X(t) is a Killing vector field for g(t) if and only if hi;(t) = 0. Since 
Equation is linear and since the curvature is bounded on each time-slice, 
for any given bounded Killing vector field X(0) for metric g(0), there is a bounded 
solution X* (t) of Equation (12.1) for t € [0,7]. Then |h;; (t)|? is a bounded function 
satisfying and |h;;|” (0) = 0. One can apply the maximum principle to (12.7) 


to conclude that h;;(t) = 0 for all t > 0. This is done as follows: Let h(t) denote the 
maximum of |h;;(x,t)|? on the t time-slice. Note that, for any fixed t the function 
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|hi;(x,t)|? approaches 0 as x tends to infinity since the metric is asymptotic at 
infinity to the product of a round metric on S? and the standard metric on the line. 
By virtue of and Proposition the function h(t) satisfies dh/dt < Ch in 
the sense of forward difference quotients, so that d(e~°th)/dt < 0, also in the sense 
of forward difference quotients. Thus, by Corollary 2.22] since h(0) = 0 and h > 0, 
it follows that e~°th(t) = 0 for all t > 0, and consequently, h(t) = 0 for all t > 0. 
Thus, the evolving vector field X(t) is a Killing vector field for g(t) for all t € 
(0,7). The following is a very nice observation of Bennett Chow; we thank him for 
allowing us to use it here. From h;; = 0 we have V;x' +V,X/ =0. Taking the Vj 
derivative and summing over j we get AX’ + HX k — () for all t. Hence gives 
2x’ = 0 and X(t) = X(0), ie., the Killing vector fields are stationary and remain 
Killing vector fields for the entire flow g(t). Since at t = 0 the Lie algebra so(3) of 
the standard rotation action consists of Killing vector fields, the same is true for all 
the metrics g(t) in the standard solution. Thus, the rotation group SO(3) of R® is 
contained in the isometry group of g(t) for every t € [0,7). We have shown: 


COROLLARY 12.12. The standard solution g(t), t € [0,T), consists of a family of 
metrics all of which are rotationally symmetric by the standard action of SO(3) on 
R°. 


3.1. Non-collapsing. 


PROPOSITION 12.13. For any r > 0 sufficiently small, there is a & > 0 such that 
the standard flow is k-non-collapsed on all scales <r. 


PROOF. Since the curvature of the standard solution is non-negative, it follows 
directly that 2|Ric|? < R?. By Equation (8.7) this gives 
OR 
ie es lRicl? < AR+ R?. 


Let C = max(2, max, cp3R(x,0)). Suppose that tp < T and tp < 1/C. 


CLAIM 12.14. For all x € R® and t € (0, to] we have 


C 
t)< 
AG \STLa 





Proor. By the asymptotic condition, there is a compact subset X C R® such 
that for any point p € R® \ X and for any t < to we have R(p,t) < 2/(1—t). Since 
C > 2, for all t for which sup, cp3 R(x, t) < 2/(1 —t), we also have 


C 

Peles eS aT 

Consider the complementary subset of t, that is to say the subset of [0, to] for 
which there is x € R? with R(z,t) > C/(1 — Ct). This is an open subset of [0, tol, 
and hence is a disjoint union of relatively open intervals. Let {t,; < to} be the 
endpoints of one such interval. If t; 4 0, then clearly Rmax(t1) = C/(1—Ct1). Since 
C > sup, cr3R(x, 0), this is also true if t) = 0. For every t € [t1, t2] the maximum of 
R on the t time-slice is achieved, and the subset of R® x [t1, ta] of all points where 
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maxima are achieved is compact. Furthermore, at any maximum point we have 
OR/Ot < R?. Hence, according to Proposition 2.23] for all t € [t,, t2] we have 


Rmax(t) < GQ) 
where G’(t) = G?(t) and G(t,) = C/(1 — Cty). It is easy to see that 


C 


OO) ee 


This shows that for all t € [t),t2] we have R(z,t) < aot. completing the proof of 
the claim. oO 





This shows that for tg < T and to < 1/C the scalar curvature is bounded on 
M x {0,to] by a constant depending only on C and tg. Since we are assuming that 
our flow is maximal, it follows that T > 1/C. 

Since (R?,go) is asymptotic to (S$? x R,h(0) x ds?), by compactness there is 
V > 0 such that for any metric ball B(x,0,r) on which |Rm| < r~? we have 
Vol B(x,r) > Vr. Since there is a uniform bound on the curvature on [0,1/2C], 
it follows that there is V’ > 0 so that any ball B(q,t,r) with t < 1/2C on which 
|Rm| < r~? satisfies Vol B(q,t,r) > V'r?. Set t) = 1/4C. For any point x = (p,t) 
with t > 1/2C there is a point (q, to) such that l,(q, to) < 3/2; this by Theorem[7.10} 
Since B(q,0,1/./Rmax(0)) C R® has volume at least V/Rmax(0)3/2, and clearly lz 
is bounded above on B(q,0,1/\/ Rmax(0)) by a uniform constant, we see that the 
reduced volume of B(q,0,1/.\/ Rmax(0)) is uniformly bounded from below. It now 
follows from Theorem 8.1] that there is «9 > 0 such that if |Rm| is bounded by r~? 
on the parabolic neighborhood P(p,t,r,—r?) and r < ,/1/4C, then the volume of 
this neighborhood is at least kor°. Putting all this together we see that there is a 
universal « > 0 such that the standard solution is k-non-collapsed on all scales at 
most \/1/4C. O 





4. Uniqueness 


Now we turn to the proof of uniqueness. The idea is to mimic the proof of unique- 
ness in the compact case, by replacing the Ricci flow by a strictly parabolic flow. 
The material we present here is closely related to and derived from the presentation 
given in [49]. The presentation here is the analogy in the context of the standard 
solution of DeTurck’s argument presented in Section B] 


4.1. From Ricci flow to Ricci-DeTurck flow. In this subsection we discuss 
the Ricci-DeTurck flow and the harmonic map flow. Let (M”,g(t)),t © [to,T] be 
a solution of the Ricci flow and let yy: M — M, t € [to,T\] be a solution of the 
harmonic map flow 


un 
Ot 


Here, AQ ¢) g(t) is the Laplacian for maps from the Riemannian manifold (M, g(t)) 


(12.8) = Agit),g(to) Yt Yto = Id. 


to the Riemannian manifold (M, g(to)). In local coordinates (a’) on the domain M 
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and (y*) on the target M, the harmonic map flow (12.8) can be written as 


a 4 Ow? (x,t) OW? (a, t) 

a Ly 207 a ? 
(12.9) (5. Ao) ~ (x,t) =9 (x,t) Dey (~p (x, t)) Axi Oxi 
where I. are the Christoffel symbols of g(to). Suppose w (a, t) is a bounded smooth 
solution of with ~, = Id. Then 7 (t), t € [to, 71] are diffeomorphisms when 
T, > to is sufficiently close to tg. For any such JT; and for to < t < Ty}, define 
ott) = (b;")” g(t). Then g(t) satisfies the following equation: 


a =. : 
(12.10) ap ois = —2Ric; + ViW;(t) + VjWi(e) h(0) = h(0), 


where Rici; and V; are the Ricci curvature and Levi-Civita connection of g(t) re- 
spectively and W(t) is the time-dependent 1-form defined by 


W(t) = Gpult)gP4(t) (Pha (t) — Phyto) . 


Here, Pk (t) denotes the Christoffel symbols of the metric g(t) and Ty, (to) denotes 
the Christoffel symbols of the metric g(to). (See, for example, ({65] Lemma 2.1).) 
We call a solution to this flow equation a Ricci-DeTurck flow (see [16], or 


Chapter 3 for details). In local coordinates we have 


OGi; 
at 
1 
(12.11) + oo 





= 9 VV ibis — 9!" 9(to)ipG? 4 R jai (9(to)) — G9 (to) jpG”* Ring (g(to)) 
VidpkV 79qt + 2V EG jp V Gil 
—2V EG5pV1Giq — 2V59pkV 1Giq — 2ViGpk V 1954 
where V is the Levi-Civita connection of g(t9). This is a strictly parabolic equation. 
LEMMA 12.15. Suppose that g(t) solves the Ricci flow equation and suppose that 


w solves the harmonic map flow equation, Equation (12.3); then g(t) = (Wy')*g(t) 
solves the Ricci-DeTurck flow, Equation (12.10) and y, satisfies the following ODE: 


on 

Ot 

PROOF. The first statement follows from the second statement and a standard 
Lie derivative computation. For the second statement, we need to show 


Ag(to(o)* = — 9°" (Pho (t) — fa (to)) - 


Notice that this equation is a tensor equation, so that we can choose coordinates 
in the domain and range so that I(t) vanishes at the point p in question and I(t) 
vanishes at ¥(p). With these assumptions we need to show 

OP yp 


OxP 0x4 


= — 1 ()W (0). 


g(t) = —9P"(t)T 5, (t). 


This is a direct computation using the change of variables formula relating T and 
I. oO 
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COROLLARY 12.16. Suppose that (M,gi(t)), to <t < T, and (M,g2(t)), to < 
t <T, are solutions to the Ricci flow equation for which there are solutions 


Wit: (M, gi (t)) > (M, gi (0)) 
and 

Wat: (M, go(t)) > (M, go(0)) 
to the harmonic map equation with itp = tp = Id. Let gi(t) = (wrt )*ou(t) 
and go(t) = (wa t)*g2(t) be the corresponding solutions to the Ricci-DeTurck flow. 
Suppose that g1(t) = go(t) for allt € [to, T]. Then gi(t) = go(t) for all t € [to, T]. 


PROOF. Since Wa satisfies the equation 


OWa,t 

ot 
where the time-dependent vector field W(t) depends only on ga, we see that 14 
and w+ both solve the same time-dependent ODE and since ¥14. = W2,4. = Id, it 
follows that wiz = 24 for all t € [to, 7]. On the other hand, ga(t) = Wi2Ga(t), so 
that it follows that gi(t) = go(t) for t € [to, J). O 





= —j) W(t); 





Our strategy of proof is to begin with a standard solution g(t) and show that 
there is a solution to the harmonic map equation for this Ricci flow with appropriate 
decay conditions at infinity. It follows that the solution to the Ricci-DeTurck flow 
constructed is well-controlled at infinity. Suppose that we have two standard solu- 
tions g(t) and go(t) (with the same initial conditions go) that agree on the interval 
(0, to] which is a proper subinterval of the intersection of the intervals of definition 
of gi(t) and go2(t). We construct solutions to the harmonic map flow equation from 
Ga(t) to ga(to) for a = 1,2. We show that solutions always exist for some amount 
of time past to. The corresonding Ricci-DeTurck flows gq(t) starting at gj, are well- 
controlled at infinity. Since the Ricci-DeTurck flow equation is a purely parabolic 
equation, it has a unique solution with appropriate control at infinity and given 
initial condition gi(to) = g2(to). This implies that the two Ricci-DeTurck flows we 
have constructed are in fact equal. Invoking the above corollary, we conclude that 
gi(t) and go(t) agree on a longer interval extending past to. From this it follows 
easily that gi(t) and go(t) agree on their common domain of definition. Hence, if 
they are both maximal flows, they must be equal. 


5. Solution of the harmonic map flow 


In order to pass from a solution to the Ricci flow equation to a solution of the 
Ricci-DeTurck flow we must prove the existence of a solution of the harmonic map 
flow associated with the Ricci flow. In this section we study the existence of the har- 
monic flow and its asymptotic behavior at the space infinity when h(t) = g(t) 
is a standard solution. Here we use in an essential way the rotationally symmetric 
property and asymptotic property at infinity of g(t). In this argument there is no 
reason, and no advantage, to restricting to dimension three, so we shall consider ro- 
tationally symmetric complete metrics on R”, i.e., complete metrics on R” invariant 
under the standard action of SO(n). Let 6 = (6!,--- ,@"~') be local coordinates 
on the round (n — 1)-sphere of radius 1, and let do be the metric on the sphere. 
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We denote by 7 the standard radial coordinate in R”. Since g(t) is rotationally 
symmetric and n > 3, we can write 


(12.12) g(t) = dr? + f(r, t)?do 
Here r = r(f,t) is the (time-dependent) radial coordinate on R” for the metric g(t). 


CLAIM 12.17. For any fixed t the function r: R" — [0,00) is a function only of 
fr. Considered as a function of two variables, r(7,t) is a smooth function defined for 
fr > 0. It is an odd function of fr. For fixed t it is an increasing function of *. 


PROOF. Write the metric g(t) = gijdz'dx’ and let 
(12.13) z' =fcos6', x* =#sin6'cos6,--- ,2” =sin6!.--sing”!. 
We compute f (r,t) by restricting attention to the ray * = 2! and 61 =--- = = 
0, ie., 22 =---=a2"=0. Then 
g(t) = gii(P,0,+++ ,0,t)dF? + goo(F,0,-++ ,0,t)F?do. 
Both gi, and ggg are positive smooth and even in /. Clearly, ,/ gu(?,0,--- ,0,#) isa 


positive smooth function defined for all (7,t) and is invariant under the involution 
ft —f. Hence its restriction to f > 0 is an even function. Since 


f 1 
rey V911(8,0,--- ,0,t)ds a Vgi(rs,0,--- ,0,t)ds, 
0 0 


we see that r(7,t) is of the form 7- ¢(7,t) where ¢(7, t) is an even smooth function. 
This shows that r(7,t) is an odd function. It is also clear from this formula that 
Or /OF > 0. 0 





Since, for each tp, the function r(7,to) is an increasing function of 7, it can be 
inverted to give a function f(r, to). In Equation (12.12), we have chosen to write f 
as a function of r and t, rather than a function of 7 and t. We look for rotationally 
symmetric solutions to Equation (12.8), i.e., solutions of the form: 


(12.14) v(t): R" — R” w(t)(r, 8) = (p(7,t),0) for t> to 
W(r, to) =Id 
We shall adopt the following conventions: we shall consider functions f(w, t) 
defined in the closed half-plane w > 0. When we say that such a function is smooth 


we mean that for each n,m > 0 we have a continuous function fnm(w,t) defined for 
all w > 0 with the following properties: 





foo =f 
(2) > 
a = Freed) 
(3) 
O fam 





a > Finds 
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where in Item (3) the partial derivative along the boundary w = 0 is a right-handed 
derivative only. We say such a function is even if fio¢41)m(0,t) = 0 for all k > 0. 
We have the following elementary lemma: 


LEMMA 12.18. (a) Suppose that f(w,t) is a smooth function defined for w > 0. 
Define ¢(r,t) = f(r?,t). Then (r,t) is a smooth function defined for all r € R. 
Now fiz k and let #: R* — [0,00) be the usual radial coordinate. Then we have a 
smooth family of smooth functions on R® defined by 


(b) If w(r,t) is a smooth function defined for r > 0 and if it is even in the sense that 
its Taylor expansion to all orders along the line r = 0 involves only even powers of r, 
then there is a smooth function f(w,t) defined for w > 0 such that (r,t) = f(r?,t). 
In particular, for any k > 2 the function w((a!, ..., 2"), t) = W(r(a!,..., 2"), #) is a 
smooth family of smooth functions on R”. 


Proor. Item (a) is obvious, and Item (b) is obvious away from r = 0. We 
establish Item (b) along the line r = 0. Consider the Taylor theorem with remainder 
to order 2N in the r-direction for w(r,t) at a point (0,t). By hypothesis it takes the 
form 


So ci(thw™ + w?** Rw, t). 
1=0 


Now we replace w by \/r to obtain 


Fa) = S- crt + Ve NH RU, ae 
i=0 


Applying the usual chain rule and taking limits as r > 07 we see that f(r,t) is N 
times differentiable along the line r = 0. Since this is true for every N < oo, the 
result follows. Oo 





Notice that an even function f(r,t) defined for r > 0 extends to a smooth function 
on the entire plane invariant under r +> —r. When we say a function f(r,t) defines 
a smooth family of smooth functions on R” we mean that, under the substitution 
f((a!,...,2”),t) = f(r(a!,...,2”),t), the function f is a smooth function on R” 
for each t. 

We shall also consider odd functions f(r,t), ie., smooth functions defined for 
r > 0 whose Taylor expansion in the r-direction along the line r = 0 involves only 
odd powers of r. These do not define smooth functions on R”. On the other hand, 
by the same argument as above with the Taylor expansion one sees that they can 
be written as rg(r,t) where g is even, and hence define smoothly varying families 
of smooth functions on R”. Notice also that the product of two odd functions 
filr, t) fo(r, t) is an even function and hence this product defines a smoothly varying 
family of smooth function on R”. 
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5.1. The properties of r as a function of * and t. We shall make a change 
of variables and write the harmonic map flow equation in terms of r and @. For 
this we need some basic properties of r as a function of * and t. Recall that we 
are working on R” with its usual Euclidean coordinates (x',...,2"). We shall also 
employ spherical coordinates 7, 0',...,0"~+. (We denote the fixed radial coordinate 
on R” by f to distinguish it from the varying radial function r = r(t) that measures 
the distance from the tip in the metric g(t).) 

As a corollary of Claim [12.17] we have: 


COROLLARY 12.19. r?(f,t) is a smoothly varying family of smooth functions on 
R”". Also, * is a smooth function of (r,t) defined for r > 0 and odd in r. In 
particular, any smooth even function of r is a smooth even function of * and thus 
defines a smooth function on R”. Moreover, there is a smooth function €(w,t) such 
that d(log r)/dt = r—+(dr /dt) = €(r?, t). 


For future reference we define 
1 ‘WwW 
(12.15) Bw,t) = 5 i Hada. 
0 
Then B(r?, t) isa smooth function even in r and hence, as ¢ varies, defines a smoothly 


varying family of smooth functions on R”. Notice that 


OB(r?,t) _. OB _ L ae _ dr 
a = 2rz (wrt) Pee = 2r (Set )) _ ae 


Now let us consider f(r, t). 


CLAIM 12.20. f(r, t) is a smooth function defined for r > 0. It is an odd function 
of r. 


PROOF. We have 
Ft) =F, t)s/ goo (f(r, 2), 0. ..<0) 0). 


Since \/g22(7,0,...,0,t) is a smooth function of (7,t) defined for # > 0 and since it 
is an even function of fr, it follows immediately from the fact that 7 is a smooth odd 
function of r, that f(r,t) is a smooth odd function of r. O 





COROLLARY 12.21. There is a smooth function h(w,t) defined for w > 0 so that 
f(r,t) = rh(r?,t). In particular, h(r?,t) defines a smooth function on all of R”. 
Clearly, h(w,t) > 0 for all w > 0 and all t. 


We set h(w,t) = log(h(w,t)), so that f(r,t) = re?) Notice that h(r?,t) 
defines a smooth function of #? and ¢ and hence is a smoothly varying family of 
smooth functions on R”. 


5.2. The harmonic map flow equation. . 

Let u(t): R” — R” be a smoothly varying family of smooth functions as given 
in Equation (12.14). Using and it is easy to calculate the energy 
functional using spherical coordinates with r as the radial coordinate. 
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BOO) =5 f IPO. ae 


=i (3) + (n—1)f2(0,t0) f-2(rst) 


If we have a compactly supported variation d9 = w, then letting dvol, denote 
the standard volume element on S"~!, we have 


sE(w(e))(w) = 5 fh |2eEe + 26m — 1yFlos to) AL pA, ha] avg 
= [rene +n F(0.t) LAO 9,490] dr favole 
-| “ -2 (7-12) tn npn B10) pe se.t)ur] ars ff avole 


0 (0 O 
=f ek (Er) +e - 10.) 2E2 526.8) wary 


The usual argument shows that for a compactly supported variation w we have 


1 
bu (5 [. IM oth.aGée yo? dvol = [Bao .a00)84001). 





dVo(t)- 


Thus, 


0 (O Of (p, = 0 
Agnes’ = [Por (eet) = n= vitostoy Ayr.) 2 


where we have written this expression using the coordinates (r,@) on the range R” 
(rather than the fixed coordinates (7, 0)). 

Now let us compute 0y)/0t(f,t) in these same coordinates. (We use 7 for the 
coordnates for w in the domain to emphasize that this must be the time derivative 
at a fixed point in the underlying space.) Of course, by the chain rule, 


Ou(F,t) _ BU(rA) Ir, BY(r,2) 











at Or Ot Ot 
_ Op(r,t) Or(F,t)  Ap(r,t) 
a Or Ot ot - 


Consequently, for rotationally symmetric maps as in Equation (12.14) the har- 
monic map flow equation (12.8) has the following form: 


Op, Opor_ pip AOe 2 Of(p, to) 
Bet OF = me (UE) — (nD et) F640) AE 
or equivalently 
(12.16) 
Op 1 


n—-1 Op —2 Of (p, to) Op Or 
ae — Fr=1(p, f) Or (1 (t noe) =(n= Df (75 1) F (0, 0) a — Be Be 
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The point of rewriting the harmonic map equation in this way is to find an 
equation for the functions p(r,t), f(r,t) defined on r > 0. Even though the terms 
in this rewritten equation involve odd functions of r, as we shall see, solutions to 
these equations will be even in r and hence will produce a smooth solution to the 
harmonic map flow equation on R”. 


5.3. An equation equivalent to the harmonic map flow equation. We 
will solve (12.16) for solutions of the form 


p(r,t) =re"), £> to; plr,to) =0. 


For w as in Equation (12.14) to define a diffeomorphism, it must be the case that 
p(r,t) is a smooth function for r > 0 which is odd in r. It follows from the above 
expression that p(r,t) is a smooth function of r and t defined for r > 0 and even 
in r, so that it defines a smoothly varying family of smooth functions on R”. Then 
some straightforward calculation shows that (12.16) becomes 


Op Pp n+1ap On(r2,t) Op (dp ? 
a oe ok ae ep ee oe ee 








n-1 Fa ( p2.t9) 2h r2 Ooh 
ae 3 E = e2h(p ,to) 2h( ) ai 2 (n _ 1) aa (r?,2) 


Oh | 2 44) — 29" _ Or a 
Owe FOE OE Ar’ 

Note that from the definition, h (0,t) = 0, we can write h (w,t) = wh*(w,t) where 
h*(w,t) is a smooth function of w > 0 and t. So 


n = 1 [1 _ eh Pio) 2h) = aS 1 [1 __ ¢2r[e2?h* (p?,to)—h* (r2,t)] 
A 


_92 (n _ 1) e2h(p?,to)+26—2h(r?,t) 








which is a smooth function of p,r?,t. 
Let 


G(é,w,t) 224 





i: _ Pee) Nae) +2(n-1) a (w, t) 
WwW 


(12.18) —2(n-1) Filta +25 eot) D2 to) — 2€(w, t), 


where € is the function from Corollary [12.19] Then G(p, w,t) is a smooth function 
defined for w > 0. Notice that when r and p are the functions associated with the 
varying family of metrics g(t) and the solutions to the harmonic map flow, then 
G(p,r?,t) defines a smoothly varying family of smooth functions on R”. 

We have the following form of equation (12.17): 








Ot Or r Or Or Or 


Paes I~ ae ei 
Op Op n+10p lie jo" OB 
Or Or 


~ ~\ 2 
(7,2) ae ($) +G(p,t* 2): 
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Now we think of p as a rotationally symmetric function defined on Rt? and 
let G(p, (a!,..., 24), t) = G(o, 2? (a)? t) and then the above equation can be 
written as 


Op 
ae 
where V and A are the Levi-Civita connection and Laplacian defined by the Eu- 
clidean metric on R"+? respectively and where B is the function defined in Equa- 


tion (12.15). 


REMARK 12.22. The whole purpose of this rewriting of the PDE for p is to present 
this equation in such a form that all its coefficients represent smooth functions of 
rf and ¢t that are even in f and hence define smooth functions on Euclidean space 
of any dimension. We have chosen to work on R"+? because the expression for the 
Laplacian in this dimension has the term ((n + 1)/r)0p/0r. 





(12.19) Ap+V[(n— 1h — B)- Vp+|Val? + GG, 2, t) 


It is important to understand the asymptotic behavior of our functions at spatial 
infinity. 


CLAIM 12.23. For any fixed t we have the following asymptotic expansions at 
spatial infinity. 


(1) eli(r?.t) ge asymptotic to Tyr: 


ar 


(r2,t) is asymptotic to —logr. 
1 


(r?,t) is asymptotic to —sy. 


h 


ae 


OB(r?,t) 
or 


(2) 

(3) 

(4) r toe is asymptotic to c 
(5) is asymptotic to C. 
(6) 


|G(p,r?, t)| < Cy < 00 where C, = Cy (sup{(al, h}) is a constant depending 
only on sup{|p|, h}. 


ProoF. The first item is immediate from Proposition The second and 
third follow immediately from the first. The fourth is a consequence of the fact that 
by Proposition [12.7] dr/dt is asymptotic to a constant at infinity on each time-slice. 
The fifth follows immediately from the fourth and the definition of B(r?,t). Given 
all these asymptotic expressions, the last is clear from the expression for G in terms 
of p, r?, and t. O 





5.4. The short time existence. The purpose of this subsection is to prove 
the following short-time existence theorem for the harmonic map flow equation. 


PROPOSITION 12.24. For any to > 0 for which there is a standard solution g(t) 
defined on |0,T\] with tp < T, there is T > to and a solution to Equation (12.19 
with initial condition p(r,to) = 0 defined on the time-interval |to, T]. 


At this point to simplify the notation we shift time by —tp so that our initial 
time is 0, though our initial metric is not go but rather is the time to-slice of the 
standard solution we are considering, so that now to = 0 and our initial condition is 
p(r,0) =0. 
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Let x = (x!,--- ,2"**) and y = (y!,--- ,y"t*) be two points in R"*! and 
ul _|e-ul? 
H(z, Yy, t) — (4nt) 372° 


be the heat kernel. We solve (12.19) by successive approximation [47]. 
Define 


F(x,p, Vp,t) = V [(n—)h-B] - VB +|Val? +GG-2,¢) 


Let po(x,t) = 0 and for i > 1 we define p; by 


t 
(12.20) p= | ig Ala, yt -_ s)F (y, pi_-1, Vpi-1, t)dyds 
0 JR” 


which solves 


Opi 
Ot 

To show the existence of p; by induction, it suffices to prove the following state- 
ment: For any i > 1, if |p;-1|,|Vp;_i1| are bounded, then p; exists and |p;|,|Vp;| are 
bounded. Assume |p;—1| < Ci,|Vpi_1| < C2 are bounded on R”*? x [0,7]; then it 
follows from Claim [12.23] that G(p;_1, x,t) is bounded on R"*+? x [0,7] 





(12.21) =Apit+ F(x, pi-1, Vpi-1,t) — pi(z, 0) = 0. 


IG(pi-1, 2, t)| < C,(Ci, h), 


and also because of Claim [12.23] both |VB] and |VA| are bounded on all of R"+? x 
(0, 7], it follows that F(x, pi_1, Vpi_1,t) is bounded: 


[Era Baas V Py; 8) | 
2 [(n — 1) sup |Vhl + sup Ive] Sie Lei Wer 


Hence /; exists. 
The bounds on |p;| and |Vp;| follow from the following estimates 


t 
pil < | H(a,y,t — s)C3dyds < Cyt, 
0 JRn+2 


and 


t 
vali | i. ViCwt Ores ave jae 
0 JiRnt2 


t 
< ff Wet (e..t—s)|Cadyds 
0 n+2 
; 1 pal |e—yl 
= ee Cutivd 
f [... (4n(t — 8) 272° 2(t — s) eae 
t 
Jr 0 t—s JT 
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2 
Assuming, as we shall, that T’ < min{ #2, Tero}: then for 0 <t < T we have 
for all i, 


We prove the convergence of p; to a solution of (12.19) via proving that it is a 
Cauchy sequence in C!-norm. Note that p; — pj_1 satisfies 


OP Po) = A(6i — pi-1) + F(a, pi-1, Vpi-1, t) — F(x, pia, Vpi-2,t) 

(12.23) (pi — pi-1)(x, 0) = 0. 
where 

F(x, pi-1, Vpi-1, t) — F(a, pi-2, Vpi-2, t) 

=[(n — 1)Vh — VB + V(fi-1 + Bi-2)] - V(Gi-1 — Bi-2) 
+ G(pj-1, x,t) — G(pi—-2, x, t) 
By lengthy but straightforward calculations one can verify the Lipschitz property 

of G(p,x, t) 


|G(B:_1, x, t) — G(G_2, x, t)| < Ce(Cr, Co, f, fo)» [Pia — Fial. 
This and (12.22) implies 


F(z, Pi-1, Vei-1,t) — F(a, pi_2, Vii-2, €)| 
(12.24) <C4- |pi-1 — pi-2| + Cs -|Vpi-1 — Vpi-2| 


where Cy = Cx(C1, Co, f, fy) and Cs = [(n — 1) sup |V f| + sup |VB] + 209]. 
Let 


A,(t) = sup — [pi — pi-1|(z, 8) 
0<s<t,xER"t2 
B(t)= sup | V(A; — pi-1)|(2, 8). 


0<s<t,rER"t2 


From Equations (12.23) and (12.24) we can estimate |p; — p;-1| and |V(p; — pi-1) 
in the same way as we estimate |p;| and |V;| above; we conclude 


A;(t) < [C1 Aj_-1(t) + C5 Bi_1(t)] -t 
2(n + 2)(C4Aj_-1(t) + Cs Bi_1(t)] 
Bios ——— age os = = 


Let Cg = max{C4, Cs}; then we get 


Ait) +B) < (Cet PAREN) 4, + Bald). 
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Now suppose that JT’ < 75 where T> satisfies CgT> + pi = 33 then for all 
t < T we have 


A,(t) + Bilt) < 5 (Ai-1(t) + Bi-1(¢)). 


1 
a 
This proves that p; is a Cauchy sequence in C!(R"+?). Let limj_.400 Pj = Poo. Then 
Vpi 2 Vpoo and F(x, pi-1, Vpi-1, t) — F(x, poo, VPoo, t) uniformly. Hence we get 
from (12.20), 


t 
(12.25) ps = | 7 H(2,y,t — s)F'(Y, Poo, VPoo, t)dyds 
0 JR" 


The next argument is similar to the argument in [47], p.21. The function p; is 
a smooth solution of with p;(z,0) = 0. Also, both p; and F(x, p;,, Vpi—1, t) 
are uniformly bounded on R"*? x [0,7]. Thus, by Theorem 1.11 [46], p.211 and 
Theorem 12.1 [46], p.223, for any compact K C R"*? and any 0 < t, < T, there is 
C7 and a € (0,1) independent of 7 such that 


IV Pula, t) — VPily,s)| <Cr- (la — yl +t - sl”) 


where z,y€ K andO<t<s<ty. 
Letting 2 — oo we get 


(12.26) | Vso, t) — VPoolys)| < Cr (le — yl + lt = sl”). 


Hence Vp. € C%®/?, ie., it is a-Hélder continuous in space and a/2-Hélder 
continuous. 

From (12.25) we conclude that fy. is a solution of ([2.19) on Rt? x [0,7] with 
Poo (x, 0) = 0. 


5.5. The asymptotic behavior of the solutions. In the rest of this subsec- 
tion we study the asymptotic behavior of solution p(x,t) as x — oo. First we prove 
inductively that there is a constant \ and 73 such that, provided that T’ < 73, for 
xz € R"*? ¢ € [0,T], we have 


2 A ee A 
12.2 i(@,t)| < ~— Net) SS aoe 
(12.27) eM < oe and Wale) < 


Clearly, since ~p9 = 0, these estimates hold for i = 0. It follows from (12.22) and 
Claim [12.23] that there is a constant Cg independent of 7 such that 


Cg 
(1+ |z|)? 
[(n ~1)|Vh| + |VBI| (2, t) < Ce. 


IG(p;, x, t)| S 


Now we assume these estimates hold for 7. Then for 0 < t < T we have 
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Cer ? Cs 
mateo < [ poet o lie EY "OF bl? 


jel? [CgritA2+Cg 
cag pea 7) 
-[ = Tay | (+p | i 


C(njt 
(1+ |2|)?" 


| dyds 


< (Cgd +d? + Cg) - 


Also, we have 


t 2 
IVAi(2,t)| < / [_,WeH@ut—9) oe dias 
Rrt+2 








(1 +|yl)? 
Je -y 1 oes [ante +s) 
ama | BOTT) td 
=f [oe An(t — 8) @F22° (+p? joe" 
O(n) vi 


2 (Cex Cy) 
< ( 8 8) (1 + |x|)? 


If we choose 73 such that 


(Cg\ + X72 +.Cg)-C(n)T3 << X and (Cg\ +A? + Cg) - C(n)V/T3 <A, 
then hold for all i. From the definition of p.. we conclude 


A A 


(12.28) Poole tl S 7 IV Pool, t) S 


1+ |x|)? 


Recall that po. is a solution of the following linear equation (in v): 


a = Av+ V[(n— Ih — B]- Vu + G(Poo.%,t) 
v(w,0) = 0. 


From (12.26) and Claim [12.23] we know that V[(n — 1)h — B + poo] has C%?/2- 
Holder-norm bounded (this means a-Holder norm in space and the a/2-Hélder norm 
in time). By some lengthy calculation we get 


on U8 
(1+ |x|)?" 


By local Schauder estimates for parabolic equations we conclude 


IG (Poo t)|ca,a/a S 


= Cio 
[Poolc2tatta/2 < = ces ||)? 


Using this estimate one can further show by calculation that 
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WV 1 f+ B84 Gallows = Cu 


~ Ci 
VG 00 9 it OL, 0% Sai" 
VG (Pox, Hlonais S$ ES 


By local high order Schauder estimates for parabolic equations we conclude 
- C13 
IV Poo|c2ta,1ta/2 < G4 a)’ 
We have proved the following: 


PROPOSITION 12.25. For a standard solution (IR",g(t)), 0<t< TT, and for any 
to € [0,T) there is a rotationally symmetric solution y4(x) = xe?) to the harmonic 
map flow 


Ag(),g(toy V(t) (to) (x) = x, 


ESE for0 <2 < 3 defined on some non-degenerate interval 


Oy 

Ot 
and |V'p|(x,t) < 
[to, T”]. 


5.6. The uniqueness for the solutions of Ricci-DeTurck flow. We prove 
the following general uniqueness result for Ricci-DeTurck flow on open manifolds. 


PROPOSITION 12.26. Let gi(t) and go(t), O< t < T, be two bounded solutions 
of the Ricci-DeTurck flow on complete and noncompact manifold M” with initial 
metric gi(to) = g2(to) = g. Suppose that for some 1<C < oo we have 


Clg <n(t)<Cg 
C-1g < galt) < Cg. 


Suppose that in addition we have 


IAMilcaamnyg LC 
G2) llozm)g SC: 


Lastly, suppose there is an exhausting sequence of compact, smooth submanifolds 
of QO, CM, te, Qe C intOg., and UO, = M such that G1 (t) and go(t) have the 
same sequential asymptotic behavior at co in the sense that for any € > 0, there is a 
ko arbitrarily large with 


|g1(t) — 92 )lo1 (ae ).9 a4, 


Then gi(t) = ga(t). 


PROOF. Letting V be the covariant derivative determined by g, then, using the 
Ricci-DeTurck flow (12.11) for g; and go, we can make the following estimate for an 
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appropriate constant Cj 4 depending on g. 


By 1(0 dally = 2 (5 Gull) ~ dl), dl0)~dal0)) 


< 2(GfVaVo (du (t) — Galt)) (Gr) — G2(6))) 
+ Craliu(t) ~ OIG + Ora | (le) ~ H2(6)| ldult) - HOD, 
< G°VaVs (lan(t) — G2(6)|3) — 248° (Vo (Gr(E) — Galt) Va (Gilt) — Galt))) 


+ Craliu(t) ~ HIG + Cra | (Hl) — H2(0)] Lule) - HOD, 


g 


g 


< 9° T.0, (ln (t) - Go (t)| a 2C- Te aul (Gi(t ) = ga(e))| 


+Craln(®) — (OR +0 |¥ Gl) - Ha(0)| + Gs lal) — w(2, 


where the last inequality comes from completing the square to replace the last term 
in the previous expression. Thus, we have proved 


0. r nabs Sn P P : 
(12.29) 5 |i (#) — Ge (Hg < 29° Va a |Gr (t) — 92 (t)I3 + Cis lin () — 9 OIA 


pointwise on Q, with Cy; a constant that depends only on n, C and g. 

Suppose that g; (t) # g2(t) for some t. Then there is a point xo such that 
\g1(xo,t) — §2(xo, t) |e > eo for some € > 0. 

We choose a ko sufficiently large that xo € ,, and for all t’ € [to, T] we have 


(12.30) sup |gi(2,t’) — ga(a,t’)|” < € 
LEAD, 2 


where € > 0 is a constant to be chosen later. 
Recall we have the initial condition |g1(0) — g2(0 ie = 0. Using Equation (12.29) 


and applying the maximum principle to |g: (t) — ga(t ie ) on the domain Q;,,, we get 
e158 16, (t) — Go(t)|? (@) < €. for all a € Oko. 


This is a contradiction if we choose « < ege~ 15". This contradiction establishes 
the proposition. O 





Let gi(t), O< t < Ty, and go(t), 0 < t < Ty, be standard solutions that agree 
on the interval [0,to] for some to > 0. By Proposition there are a(t) and 
W(t) which are solutions of the harmonic map flow defined for to < t < T for 
some T > to for the Ricci flows gi(t) and go(t). Let g(t) = (wW7!(t))*gi(t) and 
go(t) = (Wl (t))*go(t). Then 91 (t) and g(t) are two solutions of the Ricci-DeTurck 
flow with gi (to) = ge(to). Choose T’ € (to,T7] such that g,(t) and go(t) are 6- 
close to gi (to) as required in Proposition It follows from Lemma [12.7] and 
the decay estimate in Proposition [12.25]that g,(¢) and go(t) are bounded solutions 
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and that they have same sequential asymptotic behavior at infinity. We can apply 
Proposition [12.26] to conclude gi (t) = go(t) on tg <t < T’. We have proved: 


COROLLARY 12.27. Let gi(t) and ga(t) be standard solutions. Suppose that g(t) = 
ga(t) for all t € [0,to] for some to > 0. The Ricci-DeTurck solutions g,(t) and go(t) 
constructed from standard solutions gi(t) and go(t) with gi(to) = go(to) exist and 
satisfy gi(t) = gi(t) for t € [to,T’] for some T’ > to. 


6. Completion of the proof of uniqueness 


Now we are ready to prove the uniqueness of the standard solution. Let gi(t), 0 < 
t < Ty, and go(t), 0 < t < Tb, beastandard solutions. Consider the maximal interval 
I (closed or half-open) containing 0 on which g; and gz agree. 

Case 1: T; < T and I = (0,7;) 

In this case since g(t) = go(t) for all t < T) and go(t) extends smoothly past 
time T, we see that the curvature of gi(t) is bounded as t tends to T;. Hence, g(t) 
extends past time 7), contradicting the fact that it is a maximal flow. 

Case 2: T> < T; and I = (0,7) 

The argument in this case is the same as the previous one with the roles of g;(t) 
and g2(t) reversed. 

There is one more case to rule out. 

Case 3: I is a closed interval J = (0, to]. 

In this case, of course, tg < min(T),7>). Hence we apply Proposition to 
construction solutions y; and 72 to the harmonic map flow for gi(t) and go(t) with 
wy, and wz being the identity at time tp. These solutions will be defined on an interval 
of the form [to, 7] for some T > tp. Using these harmonic map flows we construct 
solutions g:(t) and g2(t) to the Ricci-DeTurck flow defined on the interval [to, T]. 
According to Corollary [2.27] there is a uniqueness theorem for these Ricci-DeTurck 
flows, which implies that g(t) = g(t) for all t € [to, T”] for some T’ > to. Invoking 
Corollary [2.16] we conclude that g;(t) = go(t) for all t € [0,7”], contradicting the 
maximality of the interval I. 

If none of these three cases can occur, then the only remaining possibility is that 
T, = Tz and I = (0,7}), i.e., the flows are the same. This then completes the proof 
of the uniqueness of the standard flow. 


6.1. T = 1 and existence of canonical neighborhoods. At this point we 
have established all the properties claimed in Theorem [12.5] for the standard flow 
except for the fact that T’, the endpoint of the time-interval of definition, is equal 
to 1. We have shown that JT’ < 1. In order to establish the opposite inequality, we 
must show the existence of canonical neighborhoods for the standard solution. 

Here is the result about the existence of canonical neighborhoods for the standard 
solution. 


THEOREM 12.28. Fir 0 <e¢€< 1. Then there is r > 0 such that for any point 
(x9, to) in the standard flow with R(xo,to) > r~? the following hold. 


(1) to > r?. 
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(2) (xo0,to) has a strong canonical (C(e),€)-neighborhood. If this canonical 
neighborhood is a strong €-neck centered at (x%o,to), then the strong neck 
extends to an evolving neck defined for backward rescaled time (1 + €). 


Proor. Take an increasing sequence of times t/, converging to T. Since the 
curvature of (IR3, g(t)) is locally bounded in time, for each n, there is a bound on the 
scalar curvature on R® x [0,t/,]. Hence, there is a finite upper bound R,, on R(z,t) 
for all points (x,t) with t < t/, for which the conclusion of the theorem does not hold. 
(There clearly are such points since the conclusion of the theorem fails for all (x, 0).) 
Pick (tp, tn) with t, < t, with R(a,,tn) > R,/2 and such that the conclusion of 
the theorem does not hold for (x,,t,). To prove the theorem we must show that 
limp—ooR(an, tn) < oo. Suppose the contrary. By passing to a subsequence we can 
suppose that limp,_...R(an, tn) = 00. We set Qn = R(an, tn). We claim that all the 
hypotheses of Theorem[LL.8]apply to the sequence (R°, g(t), (%n,tn)). First, we show 
that all the hypotheses of Theorem[I1.]] (except the last) hold. Since (IR°, g(t)) has 
non-negative curvature all these flows have curvature pinched toward positive. By 
Theorem [12.13] there are r > 0 and & > 0 so that all these flows are k-non-collapsed 
on scales < r. By construction if t < t, and R(y,t) > 2Q, > R, then the point 
(y,t) has a strong canonical (Ce), €)-neighborhood. We are assuming that Q,, > co 
as n — oo in order to achieve the contradiction. Since all time-slices are complete, 
all balls of finite radius have compact closure. 

Lastly, we need to show that the extra hypothesis of Theorem (which includes 
the last hypothesis of Theorem is satisfied. This is clear since t, — T as 
n — co and Q, — oo as n — co. Applying Theorem [11.8] we conclude that after 
passing to a subsequence there is a limiting flow which is a «-solution. Clearly, this 
and Corollary imply that for all sufficiently large n (in the subsequence) the 
neighborhood as required by the theorem exists. This contradicts our assumption 
that none of the points (x, tn) have these neighborhoods. This contradiction proves 
the result. O 





6.2. Completion of the proof of Theorem The next proposition es- 
tablishes the last of the conditions claimed in Theorem [12.5 


THEOREM 12.29. For the standard flow T = 1. 


PrRooF. We have already seen in Corollary [12.8]that T <1. Suppose now that 
T <1. Take To < T sufficiently close to T. Then according to Proposition [2.7] there 
is a compact subset X C R® such that restriction of the flow to (IR? \ X) x [0,7] is 
e-close to the standard evolving flow on S? x (0,00), (1 — t)ho x ds”, where ho is the 
round metric of scalar curvature 1 on S?. In particular, R(x,Tp) < (1+¢€)(1—7)~! 
for all 2 € R°\ X. Because of Theorem[I2.28]and the definition of (C(e), €)-canonical 
neighborhoods, it follows that at any point (x,t) with R(2,t) > r~?, where r > 0 
is the constant given in Theorem [12.28] we have OR/Ot(zx,t) < C(e)R?(z,t). Thus, 
provided that T’ — Tp is sufficiently small, there is a uniform bound to R(2,t) for all 
x € R?\ X and all t € [7y,T). Using Theorem B.29] and the fact that the standard 
flow is k-non-collapsed implies that the restrictions of the metrics g(t) to R® \ X 
converge smoothly to a limiting Riemannian metric g(T) on R®\ X. Fix a non-empty 
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open subset 2 C R?\ X with compact closure. For each t € [0,7) let V(t) be the 
volume of (Q, 9(t)|q). Of course, limy;7V(t) = Volgir)(Q) > 0. 

Since the metric g(T’) exists in a neighborhood of infinity and has bounded cur- 
vature there, if the limit metric g(T’) exists on all of R°, then we can extend the flow 
keeping the curvature bounded. This contradicts the maximality of our flow subject 
to the condition that the curvature be locally bounded in time. Consequently, there 
is a point 2 € R® for which the limit metric g(T’) does not exist. This means that 
lim;.7rR(2,t) = oo. That is to say, there is a sequence of t,, > T such that setting 
Qn = R(x, tn), we have Q, — oo as n tends to infinity. By Theorem[12.28]the second 
hypothesis in the statement of Theorem[LL. holds for the sequence (IR, g(t), (7, tn)). 
All the other hypotheses of this theorem as well as the extra hypothesis in Theo- 
rem obviously hold for this sequence. Thus, according to Theorem the 
based flows (R°, Qng(Q;,'t’ + tn), (x, 0)) converge smoothly to a K-solution. Since 
the asymptotic volume of any «-solution is zero (see Theorem |9.59), we see that for 
all n sufficiently large, the following holds: 


CLAIM 12.30. For any € > 0, there is A < 00 such that for all n sufficiently large 
we have 


Vol(Bang(2, tn; A)) < €A?. 
Rescaling, we see that for all n sufficiently large we have 


Vol By(2, tn, A/ Qn) < A/VOn)*. 


Since the curvature of g(t,) is non-negative and since the Q,, tend to oo, it follows 
from the Bishop-Gromov Inequality (Proposition [1.34] that for any 0 < A < oo and 
any € > 0, for all n sufficiently large we have 


Vol B,(a,tn, A) < €A®. 


On the other hand, since 2 has compact closure, there is an Aj < o with 
Q c B(«,0,A1). Since the curvature of g(t) is non-negative for all t € [0,7), it 
follows from Lemma3.14]that the distance is a non-increasing function of t, so that 
for all t € [0,T) we have 0 C B(a,t, A,). Applying the above, for any € > 0 for all 
n sufficiently large we have 


Vol (Q, g(tn)) < Volg B(x, tn, A1) < Agr 
But this contradicts the fact that 
limy-s60 Vol 2; g{tn,) = Vol (O,9(7)) > 0. 





This contradiction proves that T = 1. O 


This completes the proof of Theorem [12.5] 


7. Some corollaries 


Now let us derive extra properties of the standard solution that will be important 
in our applications. 
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PROPOSITION 12.31. There is a constant c > 0 such that for all (p,t) in the 
standard solution we have 


Cc 
t) > ——. 


ProoF. First, let us show that there is not a limiting metric g(1) defined on 
all of R°. This does not immediately contradict the maximality of the flow because 
we are assuming only that the flow is maximal subject to having curvature locally 
bounded in time. Assume that a limiting metric (IR°,g(1)) exists. First, notice 
that from the canonical neighborhood assumption and Lemma [11.2] we see that 
the curvature of g(T) must be unbounded at spatial infinity. On the other hand, 
by Proposition every point of (IR?,g(1)) of curvature greater than Ro has a 
(2C, 2e)-canonical neighborhood. Hence, since (R*,g(1)) has unbounded curvature, 
it then has 2e-necks of arbitrarily small scale. This contradicts Proposition [2.19 
(One can also rule this possibility out by direct computation using the spherical 
symmetry of the metric.) This means that there is no limiting metric g(1). 

The next step is to see that for any p € R® we have lim; R(p,t) = oo. Let 
Q Cc R® be the subset of x € R® for which liminf;.,R(z,t) < co. We suppose 
that Q 4 Q. According to Theorem [11.19] the subset Q is open and the metrics 
g(t)|q converge smoothly to a limiting metric g(1)|g. On the other hand, we have 
just seen that there is not a limit metric g(1) defined everywhere. This means 
that there is p € R® with limy.,R(p,t) = oo. Take a sequence t,, converging to 1 
and set Q, = R(p,tn). By Theorem [11.8] we see that, possibly after passing to a 
subsequence, the based flows (R?, Qng(t’ —tn), (p,0)) converge to a «-solution. Then 
by Proposition[9.59]for any € > 0 there is A < oo such that Vol Bg,,g(p, tn, A) < €A%, 
and hence after rescaling we have Vol B,(p, tn, A/V/Qn) < €(A/VQn)?. By the 
Bishop-Gromov inequality (Proposition it follows that for any 0 < A < ~, 
any € > 0 and for all n sufficiently large, we have Vol By(p,tn, A) < €A®. Take a 
non-empty subset Q’ C Q with compact closure. Of course, Vol (’, g(t)) converges 
to Vol (0, g(T)) > 0 ast — T. Then there is A < co such that for each n, the subset 
Q’ is contained in the ball B(po, tn, A). This is a contradiction since it implies that 
for any € > 0 for all n sufficiently large we have Vol (’, g(t)) < «A3. This completes 
the proof that for every p € R® we have lim;_,, R(p, t) = oo. 

Fix € > 0 sufficiently small and set C = C(e). Then for every (p,t) with R(p, t) > 


r~2 we have 


—_ (py, t) < CR*(p, t). 


dt 
Fix to = 1 —1/2r?C. Since the flow has curvature locally bounded in time, there 
is 2C < C’ < 00 such that R(p,to) < 1/(C’(1 — to) for all p € R®. Since R(p, to) = 
1/C’(1 — to), for all t € [tp, 1) we have 


= 





R(p, t) < max ([(C’ - C)(1 = to)]*, [r-? - CA = t)]). 


This means that R(p, t) is uniformly bounded as t — 1, contradicting what we just 
established. This shows that for t > 1—1/2r?C the result holds. For t < 1—1/2r?C 
there is a positive lower bound on the scalar curvature, and hence the result is 
immediate for these t as well. O 
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THEOREM 12.32. For any € > 0 there is C'(€) < 00 such that for any point x in 
the standard solution one of the following holds (see Fic. [Q). 
(1) (x,t) is contained in the core of a (C"(e), €)-cap. 
(2) (x,t) is the center of an evolving e-neck N whose initial time-slice is t = 0 
and whose initial time-slice is disjoint from the surgery cap. 
(3) (x,t) is the center of an evolving e-neck defined for rescaled time 1+ €. 


t=0 


| 


FIGURE 2. Canonical neighborhoods in the standard solution. 


REMARK 12.33. At first glance it may seem impossible for a point (x,t) in the 
standard solution to be the center of an evolving e-neck defined for rescaled time 
1+ since the standard solution itself is only defined for time 1. But this is indeed 
possible. The reason is because the scale referred to for an evolving neck centered 
at (x,t) is R(x,t)~'/?. As t approaches one, R(x, t) goes to infinity, so that rescaled 
time 1 at (x,t) is an arbitrarily small time interval measured in the scale of the 
standard solution. 


Proor. By Theorem there is ro such that if R(a,t) > rp’, then (z,t) 
has a (C,€)-canonical neighborhood and if this canonical neighborhood is a strong 
e-neck centered at x, then that neck extends to an evolving neck defined for rescaled 
time (1 + €). By Proposition [12.31] there is 6 < 1 such that if R(x,t) < ta then 
t < 0. By Proposition [12.7] there is a compact subset X C R? such that if t < 6 
and x ¢ X, then there is an evolving e-neck centered at x whose initial time is zero 
and whose initial time-slice is at distance at least one from the surgery cap. Lastly, 
by compactness there is C’ < oo such that every (x,t) for x € X and every t < 0 is 
contained in the core of a (O’, €)-cap. O 





COROLLARY 12.34. Fix ¢ > 0. Suppose that (q,t) is a point in the standard 
solution with t < R(q,t)1(1+€)) and with (q,0) € B(po, 0, (e~'/2) + Ao +5). Then 
(q,t) is contained in an (C’(e), €)-cap. 


REMARK 12.35. Recall that po is the origin in R® and hence is the tip of the 
surgery cap. Also, Ap is defined in Lemma[I2.3] 
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COROLLARY 12.36. For any e€ > 0 let C’ = C'(e) be as in Theorem[12.34 Suppose 
that we have a sequence of generalized Ricci flows (Mn,Gn), points tn € My with 
t(a,) = 0, neighborhoods Uy, of tp in the zero time-slice of My, and a constant 
0<6<1. Suppose that there are embeddings py: Un x (0,8) = My compatible with 
time and the vector field so that the Ricct flows p>Gn on Un based at pn converge 
geometrically to the restriction of the standard solution to [0,0). Then for all n 
sufficiently large, and any point yn in the image of py one of the following holds: 

(1) yn is contained in the core of a (C"(e), €)-cap 
(2) Yn is the center of a strong €-neck 
(3) Yn is the center of an evolving e-neck whose initial time-slice is at time 0. 


PROOF. This follows immediately from Theorem[I2.32]and Proposition[9.79| O 





There is one property that we shall use later in proving the finite-time extinction 
of Ricci flows with surgery for manifolds with finite fundamental group (among 
others). This is a distance decreasing property which we record here. 

Notice that for the standard initial metric constructed in Lemma we have 
the following: 


LEMMA 12.37. Let S? be the unit sphere in ToR?®. Equip it with the metric ho 
that is twice the usual metric (so that the scalar curvature of ho is 1). We define a 
map p: S? x (0,00) + R® by sending the point (x,s) to the point at distance s from 
the origin in the radial direction from 0 given by x (all this measured in the metric 
go). Then p*go < ho x ds?. 


PRooF. Clearly, the metric p*go is rotationally symmetric and its component in 
the s-direction is ds?. On the other hand, since each cross section {s} x 9? maps 
conformally onto a sphere of radius < /2 the result follows. Oo 





CHAPTER 13 


Surgery on a 0-neck 


1. Notation and the Statement of the Result 


In this chapter we describe the surgery process. For this chapter we fix: 
(1) A é-neck (NV, g) centered at a point x9. We denote by p: $?x (—6~!, 6-1) = 
N the diffeomorphism that gives the 6-neck structure. 
(2) Standard initial conditions (IR, go). 


We denote by ho x ds? the metric on S? x R which is the product of the round 
metric ho on S? of scalar curvature 1 and the Euclidean metric ds? on R. We denote 
by N~ CN the image p((—6~!, 0] x $7) and we denote by s: N~ — (—d7',0] the 
composition p~! followed by the projection to the second factor. 

Recall that the standard initial metric (R°, go) is invariant under the standard 
S$O(3)-action on R?. We let po denote the origin in R*. It is the fixed point of this 
action and is called the tip of the standard initial metric. Recall from Lemma [12.3] 
that there are Ag > 0 and an isometry 


w: (S? x (—00, 4], ho x ds”) — (IR? \ B(po, Ao), 90)- 


The composition of ~~! followed by projection onto the second factor defines a map 
81: R° \ B(po, Ao) — (—00,4]. Lastly, there is 0 < rg < Ao such that on B(po, 70) 
the metric go is of constant sectional curvature 1/4. We extend the map s; to a 
continuous map s;: R? — (—o0, 4+ Ao] defined by s1(z) = Ap + 4 — dg (p, x). This 
map is an isometry along each radial geodesic ray emanating from pg. It is smooth 
except at po and sends pp to 4+ Ap. The pre-images of s; on (—co,4 + Ap) are 
2-spheres with round metrics of scalar curvature at least 1. 

The surgery process is a local one defined on the d-neck (N,g). The surgery 
process replaces (V,g) by a smooth Riemannian manifold (S,g). The underlying 
smooth manifold S is obtained by gluing together p(S? x (—d~!, 4)) and B(po, Ao +4) 
by identifying p(x,s) with w(x, s) for all x € S$? and all s € (0,4). The functions s 
on N~ and s; agree on their overlap and hence together define a function s: S — 
(—6-',4 + Ao], a function smooth except at po. In order to define the metric g 
we must make some universal choices. We fix once and for all two bump functions 
a: [1,2] — [0,1], which is required to be identically 1 near 1 and identically 0 near 
2, and 3: [4+ Ag — r9,4 + Ao] — [0,1], which is required to be identically 1 near 
4+ Ag — ro and identically 0 on [4 + Ap — 19/2, Ao]. These functions are chosen 
once and for all and are independent of 6 and (N,g). Next we set 7 = /1— 06. The 
purpose of this choice is the following: 





CLAIM 13.1. Let €: N > R® be the map that sends p(S* x [Ao + 4,6—1)) to the 
origin 0 € R? (i.e., to the tip of the surgery cap) and for every s < Ag+4 sends (z, s) 
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to the point in R? in the radial direction x from the origin at go-distance Ag +4—s. 
Then € is a distance decreasing map from (N, R(xo)g) to (IR°, 90). 


ProorF. Since R(x9)g is within 6 of ho x ds?, it follows that R(xo)g > (ho x ds”). 
But according to Lemma |12.37| the map € given in the statement of the claim is a 
distance non-increasing map from hg x ds? to go. The claim follows immediately. O 





The last choices we need to make are of constants Co < co and q < o, with 
Co >> q, but both of these are independent of 6. These choices will be made later. 
Given all these choices, we define a function 


0 s<0 
A(s) = ee s>0, 


and then we define the metric g on S by first defining a metric: 


exp(—2f(s))R(axo)p*g on s—!(—oo, 1] 
j= exp(—2f(s)) (a(s)R(x0)p"g + (1 — a(s))ngo) on s~*((1,2]) 

exp(—2f(s))ngo on s—}((2, Ayo] 

[G(s)exp(—2f(s)) + (1 — B(s))exp(—2f(4+ Ao))] ngo on s~*([Arg, A’]), 


where A,, = 4+ Ag — 19 and A’ = Ay + 4. Then we define 
g = R(xo) *G. 
See Fic. 


S? x {0} 


standard initial 
Pp metric 


B(p, Ao + 4) 


ert. 


S? x {0} 


Bip, Ao) 


interpolate metric. 


FIGURE 1. Local Surgery 
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THEOREM 13.2. There are constants Co,q,Ro < co and 04 > 0 such that the 
following hold for the result (S,g) of surgery on (N,g) provided that R(ap) > Ro, 
0<06< 05. Define f(s) as above with the constants Co,6 and then use f to define 
surgery on a 6-neck N to produce (S,g). Then the following hold. 

e Fixt >0. For any p € N, let X(p) = max(0,—v,(p)), where vg(p) is the 
smallest eigenvalue of Rmg(p). Suppose that for all p € N we have: 
(1) R(p) > 7585, and 
(2) R(p) > 2X (p) (logX (p) + log(1 + t) — 3), whenever 0 < X(p). 
Then the curvature of (S,g) satisfies the same equations at every point of 
S with the same value of t. 

e The restriction of the metric g to s—'({1,4 + Ao]) has positive sectional 
curvature. 

e Let €: N > S be the map given in Claim {13.1} Then it is a distance 
decreasing map from g to g. 

e For any 6" > 0 there is 6, = 6,(6”) > 0 such that if 6 < min(6{, 5), then the 
restriction of g to Ba(po, (5")~!) in (S,g) is 6”-close in the C"/*") topology 
to the restriction of the standard initial metric go to Bg, (po, (6”)~*). 


The rest of this chapter is devoted to the proof of this theorem. 
Before starting the curvature computations let us make a remark about the 
surgery cap. 


DEFINITION 13.3. The image in S of By, (po, 0, Ao + 4) is called the surgery cap. 


The following is immediate from the definitions provided that 6 > 0 is sufficiently 
small. 


LEMMA 13.4. The surgery cap in (S,g) has a metric that differs from the one 
coming from a rescaled version of the standard solution. Thus, the image of this cap 
is not necessarily a metric ball. Nevertheless for € < 1/200 the image of this cap will 
be contained in the metric ball in S centered at po of radius R(x9)~'/?(Ap +5) and 
will contain the metric ball centered at po of radius R(x9)~'/2(Ag + 3). Notice also 
that the complement of the closure of the surgery cap in S is isometrically identified 
with N-. 


2. Preliminary computations 


We shall compute in a slightly more general setup. Let J be an open interval 
contained in (—d~!,4 + Ag) and let h be a metric on S? x I within 6 in the Cl!/4l- 
topology of the restriction to this open submanifold of the standard metric ho x ds?. 
We let h = e~2fh. Fix local coordinates near a point y € S*x J. We denote by V the 
covariant derivative for h and by V the covariant derivative for h. We also denote 
by (Rijx1) the matrix of the Riemann curvature operator of h in the associated basis 
of A?T(S? x I) and by (Rijx1) the matrix of the Riemann curvature operator of h 
with respect to the same basis. Recall the formula for the curvature of a conformal 
change of metric (see, (3.34) on p.51 of {60]): 


(13.1) Rigen = €°% (Rijn — fj fh + Fi fihin + fifa — fifthie 
—(A*h)ijnil VF? — Fjnhia + Fiji + fjthin — fithje) - 
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Here, f; means 0;f, 
fig = Hess;;(f) = Of; — AT i;, 
and Ah is the metric induced by h on A?TN, so that 
A*haget = highj — hithjr- 


Now we introduce the notation O(d). When we say that a quantity is O(6d) 
we mean that there is some universal constant C' such that, provided that 6 > 0 is 
sufficiently small, the absolute value of the quantity is < Cd. The universal constant 
is allowed to change from inequality to inequality. 

In our case we take local coordinates adapted to the d-neck: («°,x', x?) where 
x° agrees with the s-coordinate and (x!,«?) are Gaussian local coordinates on the 
S? such that dx! and dx? are orthonormal at the point in question in the round 
metric ho. The function f is a function only of 2°. Hence f; = 0 for i = 1,2. Also, 
fo = 4f. It follows that 


Vln = SF (1+ O(8)), 
so that : 
VFR = GP - (1+ 066). 


Because the metric h is 5-close to the product ho x ds”, we see that hij;(y) = 
(ho )ij(y) +O(6) and the Christoffel symbols ri (y) of h are within 6 in the C{l!/I-- 
topology of those of the product metric hg x ds?. In particular, ry; = O(6) for all 
ij. The components fj; of the Hessian with respect to h are given by 


2 
q 2q q 
foo = (4 —- 3) ft+ wt Ol), 
fio = + F0(6) for 1<i<2, 


fig = qfO(8) for 1< i,j <2 


In the following a,b,c,d are indices taking values 1 and 2. Substituting in Equa- 


tion yields 
. 2 2 2 9 
Rows = e 7! (on + SF? haw = has (Gf? A O(6)) (4 = *) fhap 
qd 
+4 f0(8)) 
_of ¢  2q qT, 92 q 
=e Roaos + | a — =e) Shan + hav(a)F O(6) + tO) 
Also, we have 
2 
Rtas = €™ (Rate ~ (A? h)asoe(G)20 + O(6)) + 540(6)) 


( 
= © (Rave +(G)PO() + 4 F000). 
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Lastly, 


; 2 
Ring = ef (fia = (MA) GPL + O(6)) + 4f0(0)) 


g q 
= ef (fia = ait tt Q(9)) ot 4f0(0)) 


Now we are ready to fix the constant gq. We fix it so that for all s € [0,4 + Ao] 
we have 


2 
(13.2) q >> (4+ Ao)? and ee <1. 


It follows immediately that q?/s* >> q/s® for all s € [0,4+ Ag]. We are not yet ready 
to fix the constant Co, but once we do we shall always require 6 to satisfy 6 < Co : 
so that for all s € [0,4 + Ao] we have 


2 
fe nef FE, 
Ss s Ss 


(These requirements are not circular, since Co and q are chosen independent of 6.) 
Using these inequalities and putting our computations in matrix form show the 
following. 


COROLLARY 13.5. There is 65 > 0, depending on Co and q, such that if 6 < 65 
then we have 


(13.3) 
a 
(Rijn) Sef (Rajat) + 0 (& 7 ¥) (i ‘) + (5/0(6)) 


Similarly, we have the equation relating scalar curvatures 
R=e*f (R+4Af -2|Vf|*), 
and hence 


2 2 
R=ef (n+4(G-3) 1-25 + 4706)). 


st 


CorROLLary 13.6. For any constant Co < oo and any 6 < min(6,,Cp*) we have 
R>R. 


PROOF. By our choice of qg, since Cod < 1, then f? < f and q?/s* > max(q/s?, q/s?) 
so that the result follows immediately from the above formula. O 





Now let us compute the eigenvalues of the curvature Rj;,i(y) for any y € S? x I. 


LEMMA 13.7. There is a 63 > 0 such that the following hold if 6 < 65. Let 
{eg,€1,€2} be an orthonormal basis for the tangent space at a point y € S? x I for 
the metric ho x ds? with the property that ey points in the I-direction. Then there 
is a basis { fo, fi, fo} for this tangent space so that the following hold: 

(1) The basis is orthonormal in the metric h. 


(2) The change of basis matrix expressing the { fo, fi, fa} in terms of {e9, €1, €2} 
is of the form Id + O(6). 
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(3) The Riemann curvature of h in the basis {fo A fi, fi A fo, fo A fo} of 
APT, (8S? XT) 
1/2 0 0 
0 0 0] +0(6). 
0 O 0 
PROOF. Since h is within 6 of ho x ds? in the ClU/l_topology, it follows that 
the matrix for h(y) in {eo,e1,e2} is within O(6) of the identity matrix, and the 
matrix for the curvature of h in the associated basis of A?T,(S? x I) is within 
O(6) of the curvature matrix for hg x ds”, the latter being the diagonal matrix 
with diagonal entries {1/2,0,0}. Thus, the usual Gram-Schmidt orthonormalization 
process constructs the basis { fo, f1, fo} satisfying the first two items. Let A = (A) 
be the change of basis matrix expressing the {f,} in terms of the {e,}, so that 
A=Id+O(6). The curvature of h in this basis is then given by B'(R;;4:)B where 
B = A?A is the induced change of basis matrix expressing the basis {fo A f1, f1 A 
fo, fa A fo} in terms of {e9 A €1, €1 A €2, €2 A eg}. Hence, in the basis {fo A fi, fi A 
fo, , fo \ fo} the curvature matrix for h is within O(6) of the same diagonal matrix. 


For 6 sufficiently small then the eigenvalues of the curvature matrix for h are within 
O(6) of (1/2, 0,0). O 





COROLLARY 13.8. The following holds provided that 6 < 64. It is possible to 
choose the basis { fo, fi, fa} satisfying the conclusions of Lemma so that in 
addition the curvature matrix for (Rijxi(y)) 1s of the form 


A 0 0 
0a pb 
Ue cma 


with |X — 5| < O(8) and |a|,||,|7| < O(6). 


Proor. We have an h-orthonormal basis { foA fi, fiA fa, fo\ fot for A?T,(S? xR) 
in which the quadratic form (Rjjxu(y) is 


0 0 
0 0 0} +0(). 
0 0 0 
It follows that the restriction to the h-unit sphere in \?T,(S? x R) of this quadratic 
form achieves its maximum value at some vector v, which, when written out in this 
basis, is given by (x,y,z) with |y|,|z| < O(6) and |x — 1| < O(6). Of course, this 
maximum value is within O(d) of 1/2. Clearly, on the h-orthogonal subspace to v, 
the quadratic form is given by a matrix all of whose entries are O(0) in absolute value. 
This gives us a new basis of A?T,($? x I) within O(6) of the given basis in which 
(Rijxi(y)) is diagonal. The corresponding basis for T,(S? x R) is as required. O 





Now we consider the expression (Rjjxi(y)) in this basis. 
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LEMMA 13.9. Set 54 = min(64, 64). Suppose that 6 < min(64,Cp'). Then in the 
basis { fo, fi, fo} for Ty(S? x I) as in Corollary [13.8| we have 


2 


; ’ 0 0 —ff? 0 2 
Ragu) = || 0 a eh (G3) at ) + (S100) 


where ,a, 3,7 are the constants in Lemma[13.§ and the first matrix is the expression 
for (Rijri(y)) in this basis. 


PROOF. We simply conjugate the expression in Equation (13.3) by the change 
of basis matrix and use the fact that by our choice of g and the fact that Cod < 1, 
we have f > f? and q/s® « q?/s*. oO 





CoROLLARY 13.10. Assuming that 5 < min(54,Cy'), there is an h-orthonormal 
basis { fo, fi, f2} so that in the associated basis for \?Ty(S? x I) the matrix (Rijxi(y)) 
is diagonal and given by 

rA 0 0 
0 pw 0 
0 0 Vv 
with |A—1/2| < O(6) and |p|, |v| < O(0). Furthermore, in this same basis the matrix 
(Rijni(y)) ts 
d 0 0 ~£ f? 0 2 
0 uw O} + ‘i (S-4)r(( ') + <7 f0(5) 
0 0 v a a 0 1 


Proor. To diagonalize (Ri;x1(y)) we need only rotate in the {fi A fo, fo A fs}- 
plane. Applying this rotation to the expression in Lemma gives the result. O 


e 2f 





COROLLARY 13.11. There is a constant A < oo such that the following holds for 
the given value of q and any Co provided that 6 is sufficiently small. Suppose that the 
eigenvalues for the curvature matrix of h at y areX > w>v. Then the eigenvalues 
for the curvature of h at the point y are given by N,p',v', where 


2 
V — ef (a - cP) 


2 
< Sf As 
Ss 











s Ss 

2 2 

2 q  2q q 
et (v4 (4 - yr) Sar 





332 13. SURGERY ON A 6-NECK 


Proor. Let {fo, fi, fa} be the h-orthonormal basis given in Corollary 
Then {e! fo, ef fi, e/ fo} is orthonormal for h =e-fh. This change multiplies the 
curvature matrix by e4/. Since f < 1, e*/ < 2 so that the expression for (Rijni(y)) 
in this basis is exactly the same as in Lemma|[138.9]except that the factor in front is 
ef instead of e~*/. Now, it is easy to see that since ((q?/s4)f Ad)? « (q?/s*)f Ad 
the eigenvalues will differ from the diagonal entries by at most a constant multiple 
of (q?/s*) f Ad. 

The first three inequalities are immediate from the previous corollary. The last 
two follow since q?/s* >> q/s? and 6 <1. 0 





One important consequence of this computation is the following: 


COROLLARY 13.12. For the given value of q and for any Co, assuming that 6 > 0 
is sufficiently small, the smallest eigenvalue of Rm; is greater than the smallest 
eigenvalue of Rmp at the same point. Consequently, at any point where h has non- 
negative curvature so does h. 


PROOF. Since |A — 1/2], |u|, |v] are all O(6) and since af < 1, it follows that 


the smallest eigenvalue of (Rjjxi(y)) is either pv’ or v'. But it is immediate from the 
above expressions that pu! > and v/ > v. This completes the proof. O 





Now we are ready to fix Co. There is a universal constant AK such that for all 
6 > 0 sufficiently small and for any 6-neck (V,h) of scale one, every eigenvalue of 
Rmga is at least —K6. We set 
Co = 2K e!. 
LEMMA 13.13. With these choices of q and Co for any 6 > 0 sufficiently small 
we have v' > 0 and wp’ > 0 for s € [1,4 + Ao] and X’ > 1/4. 


PRoor. Then by the previous result we have 
2f g 
/ 
> — : 
y>e (v + 564 f) 


It is easy to see that since g >> (4+ Ag) the function (q?/2s*)f is an increasing 
function on [1,4+ Ao]. Its value at s = 1 is (q?/2)e~4Cd > K6. Hence v + af >0 
for all s € [1,4 + Ap] and consequently v’ > 0 on this submanifold. The same 
argument shows p’ > 0. Since q?/s*f? <1 and 0 < f, the statement about ’ is 
immediate. U 





3. The proof of Theorem 


3.1. Proof of the first two items for s < 4. We consider the metric in the 
region s~!(—d~!, 4) given by 


h = a(s)Rg(xo)p"g + (1 — a(s))ngo- 


There is a constant K’ < oo (depending on the Cl!/4l-norm of a) such that h is 
within K’6 of the product metric in the Cl!/(*’8)|_topology. Thus, if 6 is sufficiently 
small, all of the preceding computations hold with the error term (q?/s*)fAK’6. 
Thus, provided that 6 is sufficiently small, the conclusions about the eigenvalues 
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hold for e~?/h in the region s~!(—d~!, 4). But e~7/h is exactly equal to R(ao)g in 
this region. Rescaling, we conclude that on s~'(—6d~!, 4) the smallest eigenvalue of 
g is greater than the smallest eigenvalue of g at the corresponding point and that 
Rg = Ry in this same region. 

The first conclusion of Theorem[13.2]follows by applying the above considerations 
to the case of h = Ry(xo)p*g. Namely, we have: 


PROPOSITION 13.14. Fir 6 > 0 sufficiently small. Suppose that for some t > 0 
and every point p © N the curvature of h satisfies: 
(1) R(p) > ty, and 
(2) R(p) > 2X (p) (logX (p) + log(1 + t) — 3) whenever 0 < X(z,t). 
Then the curvature (S,g) satisfies the same equation with the same value of t in 
the region s-!(—d—!,4). Also, the curvature of g is positive in the region s—"{1, 4). 


Proor. According to Corollary [3.12] the smallest eigenvalue of h at any point 
p is greater than or equal to the smallest eigenvalue of h at the corresponding point. 
According to Corollary [13.6] R(p) > R(p) for every p € S. Hence, X;(p) < Xn(p). 
If X;,(p) > e?/(1 +t), then we have 


R(p) 2 R(p) = 2Xp(p)(log(Xn(p)+log(1+t)—3) > 2%;,(p) (log( Xj, (p)+log(1+t)—3). 
If X,(p) < e®(1 +t), then X;(p) < e?/(1 +t). Thus, in this case since we are in a 
d-neck, provided that 6 is sufficiently small, we have R(p) > 0 and hence 
R(p) > R(p) > 0 > 2X p(p)(log(X;,(p) + log(1 + t) — 3). 
This completes the proof in both cases. 
This establishes the first item in the conclusion of Theorem [13.2] for 6 > 0 suf- 


ficiently small on s~!(—d~!,4). As we have seen in Lemma [13.13] the curvature is 
positive on s~1[1, 4). O 





3.2. Proof of the first two items for s > 4. Now let us show that the 
curvature on g is positive in the region s~'([4,4 + Ao]). First of all in the preimage 
of the interval [4,4 + Ap, —ro] this follows from Corollary and the fact that 
ngo has non-negative curvature. As for the region s~'({4 + Ap — r9,4 + Ao]), as 6 
tends to zero, the metric here tends smoothly to the restriction of the metric go to 
that subset. The metric go has positive curvature on s~!([4 + Ap — ro,4 + Aol). 
Thus, for all 6 > 0 sufficiently small the metric g has positive curvature on all of 
s-'([4+ Ap — 19,4 + Ao]). This completes the proof of the first two items. 


3.3. Proof of the third item. By construction the restriction of the metric g 
to s-'((—d~+, 0]) is equal to the metric p*g. Hence, in this region the mapping is an 
isometry. In the region s~!([0,4]) we have R(xo)p*g > ngo so that by construction 
in this region p*g > g. Lastly, in the region s~'([4, Ag + 4]) we have R(a29)~!ngo => 
g. On the other hand, it follows from Lemma [13.1] that the map from ([0,6~1] x 
S?, R(xo)p*g) to (B(po,4+ Ao), 7g) is distance decreasing. This completes the proof 
of the third item. 
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3.4. Completion of the proof. As 6 goes to zero, f tends to zero in the 
C™-topology and 7 limits to 1. From this the fourth item is clear. 
This completes the proof of Theorem [13.2 


4. Other properties of the result of surgery 


LEMMA 13.15. Provided that 6 > 0 is sufficiently small the following holds. Let 
(N,g) be a 6-neck and let (S,g) be the result of surgery along the cental 2-sphere of 
this neck. Then for any 0 < D < o the ball Bz(p,D +5 + Ag) C S has boundary 
contained in sx'(—(2D + 2), -—D/2). 


Proor. The Riemannian manifold (S,g) is identified by a diffeomorphism with 
the union of sx'(—d~!, 0] to Byy (po, Ao + 4) glued along their boundaries. Thus, we 
have a natural identification of S with the ball B,,(p, A9 +4+ 6~) in the standard 
solution. This identification pulls back the metric g to be within 26 of the standard 
initial metric. The result then follows immediately for 6 sufficiently small. O 





CHAPTER 14 


Ricci Flow with surgery: the definition 


In this chapter we introduce Ricci flows with surgery. These objects are closely 
related to generalized Ricci flows but they differ slightly. The space-time of a Ricci 
flow with surgery has an open dense subset that is a manifold, and the restriction 
of the Ricci flow with surgery to this open subset is a generalized Ricci flow. Still 
there are other, more singular points allowed in a Ricci flow with surgery. 


1. Surgery space-time 


DEFINITION 14.1. By a space-time we mean a paracompact Hausdorff space M 
with a continuous function t: M — R, called time. We require that the image of t 
be an interval J, finite or infinite with or without endpoints, in R. The interval I 
is called the time-interval of definition of space-time. The initial point of J, if there 
is one, is the initial time and the final point of J, if there is one, is the final time. 
The level sets of t are called the time-slices of space-time, and the preimage of the 
initial (resp., final) point of J is the initial (resp., final) time-slice. 


We are interested in a certain class of space-times, which we call surgery space- 
times. These objects have a ‘smooth structure’ (even though they are not smooth 
manifolds). As in the case of a smooth manifold, this smooth structure is given by 
local coordinate charts with appropriate overlap functions. 


1.1. An exotic chart. There is one exotic chart, and we begin with its de- 
scription. To define this chart we consider the open unit square (—1,1) x (—1,1). 
We shall define a new topology, denoted by P, on this square. The open sub- 
sets of P are the open subsets of the usual topology on the open square together 
with open subsets of (0,1) x [0,1). Of course, with this topology the ‘identity’ map 
u: P — (—1,1)x(-1, 1) is acontinuous map. Notice that the restriction of the topol- 
ogy of P to the complement of the closed subset [0,1) x {0} is a homeomorphism 
onto the corresponding subset of the open unit square. Notice that the complement 
of (0,0) in P is a manifold with boundary, the boundary being (0,1) x {0}. (See 
Fic. Jin the Introduction.) 

Next, we define a ‘smooth structure’ on P by defining a sheaf of germs of ‘smooth’ 
functions. The restriction of this sheaf of germs of ‘smooth functions’ to the com- 
plement of (0,1) x {0} in P is the usual sheaf of germs of smooth functions on the 
corresponding subset of the open unit square. In particular, a function is smooth 
near (0,0) if and only if its restriction to some neighborhood of (0,0) is the pullback 
under ¢ of a usual smooth function on a neighborhood of the origin in the square. 
Now let us consider the situation near a point of the form xz = (a,0) for some 
0<a<1. This point has arbitrarily small neighborhoods V, that are identified 
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under / with open subsets of (0,1) x [0,1). We say that a function f defined in a 
neighborhood of x in P is smooth at x if its restriction to one of these neighbor- 
hoods V,, is the pullback via vy, of a smooth function in the usual sense on the 
open subset 1(V,,) of the upper half space. One checks directly that this defines a 
sheaf of germs of ‘smooth’ functions on P. Notice that the restriction of this sheaf 
to the complement of (0,0) is the structure sheaf of smooth functions of a smooth 
manifold with boundary. Notice that the map v: P — (—1,1) x (—1,1) is a smooth 
map in the sense that it pulls back smooth functions on open subsets of the open 
unit square to smooth functions on the corresponding open subset of P. 

Once we have the notion of smooth functions on P, there is the categorical notion 
of a diffeomorphism between open subsets of ?: namely a homeomorphism with the 
property that it and its inverse pull back smooth functions to smooth functions. 
Away from the origin, this simply means that the map is a diffeomorphism in the 
usual sense between manifolds with boundary, and in a neighborhood of (0,0) it 
factors through a diffeomorphism of neighborhoods of the origin in the square. While 
u: P — (—1,1) x (—1,1) is a smooth map, it is not a diffeomorphism. 

We define the tangent bundle of P in the usual manner. The tangent space at 
a point is the vector space of derivations of the germs of smooth functions at that 
point. Clearly, away from (0,0) this is the usual (2-plane) tangent bundle of the 
smooth manifold with boundary. The germs of smooth functions at (0,0) are, by 
definition, the pullbacks under v of germs of smooth functions at the origin for the 
unit square, so that the tangent space of P at (0,0) is identified with the tangent 
space of the open unit square at the origin. In fact, the map / induces an isomorphism 
from the tangent bundle of P to the pullback under v of the tangent bundle of the 
square. In particular, the tangent bundle of P has a given trivialization from the 
partial derivatives 0, and O, in the coordinate directions on the square. We use this 
trivialization to induce a smooth structure on the tangent bundle of P: that is to 
say, a section of TP is smooth if and only if it can be written as a0, + G0, with a 
and @ being smooth functions on P. The smooth structure agrees off of (0,0) € P 
with the usual smooth structure on the tangent bundle of the smooth manifold with 
boundary. By a smooth vector field on P we mean a smooth section of the tangent 
bundle of P. Smooth vector fields act as derivations on the smooth functions on P. 

We let tp: P — R be the pullback via v of the usual projection to the second 
factor on the unit square. We denote by yp the smooth vector field 1*09. Clearly, 
xp(tp) = 1. Smooth vector fields on P can be uniquely integrated locally to smooth 
integral curves in P. (At a manifold with boundary point, of course only vector fields 
pointing into the manifold can be locally integrated.) 


1.2. Coordinate charts for a surgery space-time. Now we are ready to 
introduce the types of coordinate charts that we shall use in our definition of a 
surgery space-time. Each coordinate patch comes equipped with a smooth structure 
(a sheaf of germs of smooth functions) and a tangent bundle with a smooth structure, 
so that smooth vector fields act as derivations on the algebra of smooth functions. 
There is also a distinguished smooth function, denoted t, and a smooth vector field, 
denoted x, required to satisfy x(t) = 1. There are three types of coordinates: 
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(1) The coordinate patch is an open subset of the strip R” x J, where J is an 
interval, with its usual smooth structure and tangent bundle; the function 
t is the projection onto J; and the vector field y is the unit tangent vector 
in the positive direction tangent to the foliation with leaves {x} x I. The 
initial point of J, if there is one, is the initial time of the space-time and 
the final point of J, if there is one, is the final time of the space-time. 

(2) The coordinate patch an open subset of R” x [a, oo), for some a € R, with its 
usual smooth structure as a manifold with boundary and its usual smooth 
tangent bundle; the function t is the projection onto the second factor; 
and the vector field is the coordinate partial derivative associated with the 
second factor. In this case we require that a not be the initial time of the 
Ricci flow. 

(3) The coordinate patch is a product of P with an open subset of R"~! with the 
smooth structure (i.e., smooth functions and the smooth tangent bundle) 
being the product of the smooth structure defined above on P with the 
usual smooth structure of an open subset of R”~!; the function t is, up 
to an additive constant, the pullback of the function tp given above on P; 
and the vector field x is the image of the vector field yp on P, given above, 
under the product decomposition. 


An ordinary Ricci flow is covered by coordinate charts of the first type. The 
second and third are two extra types of coordinate charts for a Ricci flow with 
surgery that are not allowed in generalized Ricci flows. Charts of the second kind 
are smooth manifold-with-boundary charts, where the boundary is contained in a 
single time-slice, not the initial time-slice, and the flow exists for some positive 
amount of forward time from this manifold. 

All the structure described above for P — the smooth structure, the tangent 
bundle with its smooth structure, smooth vector fields acting as derivations on 
smooth functions — exist for charts of the third type. In addition, the unique local 
integrability of smooth vector fields hold for coordinate charts of the third type. 
Analogous results for coordinate charts of the first two types are clear. 

Now let us describe the allowable overlap functions between charts. Between 
charts of the first and second type these are the smooth overlap functions in the 
usual sense that preserve the functions t and the vector fields y on the patches. 
Notice that because the boundary points in charts of the second type are required 
to be at times other than the initial and final times, the overlap of a chart of type one 
and a chart of type two is disjoint from the boundary points of each. Charts of the 
first two types are allowed to meet a chart of the third type only in its manifold and 
manifold-with-boundary points. For overlaps between charts of the first two types 
with a chart of the third type, the overlap functions are diffeomorphisms between 
open subsets preserving the local time functions t and the local vector fields y. Thus, 
all overlap functions are diffeomorphisms in the sense given above. 


1.3. Definition and basic properties of surgery space-time. 


DEFINITION 14.2. A surgery space-time is a space-time M equipped with a max- 
imal atlas of charts covering M, each chart being of one of the three types listed 
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above, with the overlap functions being diffeomorphisms preserving the functions t 
and the vector fields y. The points with neighborhoods of the first type are called 
smooth points, those with neighborhoods of the second type but not the first type are 
called exposed points, and all the other points are called singular points. Notice that 
the union of the set of smooth points and the set of exposed points forms a smooth 
manifold with boundary (possibly disconnected). Each component of the boundary 
of this manifold is contained in a single time-slice. The union of those components 
contained in a time distinct from the initial time and the final time is called the ex- 
posed region. and the boundary points of the closure of the exposed region form the 
set of the singular points of M. (Technically, the exposed points are singular, but 
we reserve this word for the most singular points.) An (n + 1)-dimensional surgery 
space-time is by definition of homogeneous dimension n + 1. 

By construction, the local smooth functions t are compatible on the overlaps and 
hence fit together to define a global smooth function t: M — R, called the time 
function. The level sets of this function are called the time-slices of the space-time, 
and t~+(t) is denoted M;. Similarly, the tangent bundles of the various charts are 
compatible under the overlap diffeomorphisms and hence glue together to give a 
global smooth tangent bundle on space-time. The smooth sections of this vector 
bundle, the smooth vector fields on space time, act as derivations on the smooth 
functions on space-time. The tangent bundle of an (n + 1)-dimensional surgery 
space-time is a vector bundle of dimension (n + 1). Also, by construction the local 
vector fields y are compatible and hence glue together to define a global vector field, 
denoted x. The vector field and time function satisfy 


x(t) = 1. 
At the manifold points (including the exposed points) it is a usual vector field. Along 
the exposed region and the initial time-slice the vector field points into the manifold; 
along the final time-slice it points out of the manifold. 


DEFINITION 14.3. Let M be a surgery space-time. Given a space K and an 
interval J C R we say that an embedding K x J — M is compatible with time and 
the vector field if: (i) the restriction of t to the image agrees with the projection onto 
the second factor and (ii) for each x € X the image of {x} x J is the integral curve 
for the vector field y. If in addition K is a subset of M; we require that t © J and 
that the map K x {t} — M; be the identity. Clearly, by the uniqueness of integral 
curves for vector fields, two such embeddings agree on their common interval of 
definition, so that, given K C M; there is a maximal interval JK containing t such 
that such an embedding is defined on K x Jx. In the special case when K = {x} 
for a point x € M; we say that such an embedding is the maximal flow line through 
xz. The embedding of the maximal interval through « compatible with time and the 
vector field x is called the domain of definition of the flow line through x. For a 
more general subset K C M; there is an embedding K x J compatible with time 
and the vector field x if and only if, for every x € K, the interval J is contained in 
the domain of definition of the flow line through z. 


DEFINITION 14.4. Let M be a surgery space-time with J as its time interval of 
definition. We say that t € I is a regular time if there is an interval J C I which 
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is an open neighborhood in J of t, and a diffeomorphism M; x J > t~!(J) C M 
compatible with time and the vector field. A time is singular if it is not regular. 
Notice that if all times are regular, then space-time is a product M; x I with t and 
x coming from the second factor. 


LEMMA 14.5. Let M be an (n+1)-dimensional surgery space-time, and fixt. The 
restriction of the smooth structure on M to the time-slice M; induces the structure of 
a smooth n-manifold on this time-slice. That is to say, we have a smooth embedding 
of Mt — M. This smooth embedding identifies the tangent bundle of M; with a 
codimension-one subbundle of the restriction of tangent bundle of M to My. This 
subbundle is complementary to the line field spanned by vy. These codimension-one 
subbundles along the various time-slices fit together to form a smooth, codimension- 
one subbundle of the tangent bundle of space-time. 


PROOF. These statements are immediate for any coordinate patch, and hence 
are true globally. Oo 





DEFINITION 14.6. We call the codimension-one subbundle of the tangent bundle 
of M described in the previous lemma, the horizontal subbundle, and we denote it 


HT(M). 


2. The generalized Ricci flow equation 


In this section we introduce the Ricci flow equation for surgery space-times, re- 
sulting in an object that we call Ricci flow with surgery. 


2.1. Horizontal metrics. 


DEFINITION 14.7. By a horizontal metric G on a surgery space-time M we mean 
a C™ metric on HIM. For each t, the horizontal metric G induces a Riemannian 
metric, denoted G(t), on the time-slice M;. Associated to a horizontal metric G 
we have the horizontal covariant derivative, denoted V. This is a pairing between 
horizontal vector fields 


X@YRVXY. 


On each time slice M; it is the usual Levi-Civita connection associated to the Rie- 
mannian metric G(t). Given a function F' on space-time, by its gradient VF' we 
mean its horizontal gradient. The value of this gradient at a point q € M; is the 
usual G(t)-gradient of F'|,y,. In particular, VF is a smooth horizontal vector field on 
space-time. The horizontal metric G on space-time has its (horizontal) curvatures 
Rmg. These are smooth symmetric endomorphisms of the second exterior power of 
HIM. The value of Rmg at a point q € M; is simply the usual Riemann curvature 
operator of G(t) at the point g. Similarly, we have the (horizontal) Ricci curvature 
Ric = Ricg, a section of the symmetric square of the horizontal cotangent bundle, 
and the (horizontal) scalar curvature denoted R = Rg. 


The only reason for working in HTM rather than individually in each slice is 
to emphasize the fact that all these horizontal quantities vary smoothly over the 
surgery space-time. 
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Suppose that t € J is not the final time and suppose that U C M; is an open subset 
with compact closure. Then there is « > 0 and an embedding iy: U x [t,t +e) C M 
compatible with time and the vector field. Of course, two such embeddings agree 
on their common domain of definition. Notice also that for each t’ € [t,t + €) the 
restriction of the map iy to U x {t’} induces an diffeomorphism from U to an open 
subset Uy of Mj. It follows that the local flow generated by the vector field y 
preserves the horizontal subbundle. Hence, the vector field x acts by Lie derivative 
on the sections of HT(M) and on all associated bundles (for example the symmetric 
square of the dual bundle). 


2.2. The equation. 


DEFINITION 14.8. A Ricci flow with surgery is a pair (M,G) consisting of a 
surgery space-time M and a horizontal metric G on M such that for every x © M 
we have 


(14.1) Ly(G)(«) = —2Ricg(2)) 


as sections of the symmetric square of the dual to HT(M). If space-time is (n + 1)- 
dimensional, then we say that the Ricci flow with surgery is n-dimensional (meaning 
of course that each time-slice is an n-dimensional manifold). 


REMARK 14.9. Notice that at an exposed point and at points at the initial and 
the final time the Lie derivative is a one-sided derivative. 


2.3. Examples of Ricci flows with surgery. 


EXAMPLE 14.10. One example of a Ricci flow with surgery is M = Mp x [0,T) 
with time function t and the vector field y coming from the second factor. In this case 
the Lie derivative £, agrees with the usual partial derivative in the time direction, 
and hence our generalized Ricci flow equation is the usual Ricci flow equation. This 
shows that an ordinary Ricci flow is indeed a Ricci flow with surgery. 


The next lemma gives an example of a Ricci flow with surgery where the topology 
of the time-slices changes. 


LEMMA 14.11. Suppose that we have manifolds M, x (a,b] and Mz x [b,c) and 
compact, smooth codimension-0 submanifolds Q; C My and Q2 C Mo with open 
neighborhoods U; C My, and Uz C Mo respectively. Suppose we have a diffeomor- 
phism wW: Uy > U2 carrying Qy onto OQ. Let (My x (a,b])o be the subset obtained 
by removing (M, \ Q1) x {b} from M, x (a,b]. Form the topological space 


M = (My, x (a, b])o U Ms x [b, c) 


where Q, x {b} in (My x (a,b])o is identified with Q2 x {b} using the restriction of 
w to Qy. Then M naturally inherits the structure of a surgery space-time where the 
time function restricts to (M, x (a,b|)o and to Mz x [b,c) to be the projection onto 
the second factor and the vector field x agrees with the vector fields coming from the 
second factor on each of (M, x (a,b])o and Mz x [b,c). 

Lastly, given Ricci flows (Mj, gi(t)), a<t < b, and (Mo, 92(t)), b< t<c, af 
w: (U4, 91(b)) + (U2, g2(b)) is an isometry, then these families fit together to form a 
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smooth horizontal metric G on M satisfying the Ricci flow equation, so that (M,G) 
is a Ricci flow with surgery. 


PROOF. As the union of Hausdorff spaces along closed subsets, M is a Hausdorff 
topological space. The time function is the one induced from the projections onto 
the second factor. For any point outside the b time-slice there is the usual smooth 
coordinate coming from the smooth manifold M, x (a,b) (if t < 6) or M2 x (b,c) (if 
t > b). At any point of (Mz \Q2) x {b} there is the smooth manifold with boundary 
coordinate patch coming from M2 x [b,c). For any point in int(1) x {b} we have the 
smooth manifold structure obtained from gluing (int(Q,)) x (a, 6] to int(Q2) x [b,c) 
along the b time-slice by w. Thus, at all these points we have neighborhoods on 
which our data determine a smooth manifold structure. Lastly, let us consider a 
point x € OO; x {b}. Choose local coordinates (a',...,a”) for a neighborhood Vj 
of x such that 039 V, = {x” < 0}. We can assume that w is defined on all of Vj. 
Let V2 = (Vi) and take the local coordinates on V2 induced from the x’ on Vj. 
Were we to identify V; x (a, b] with V2 x [b,c) along the b time-slice using this map, 
then this union would be a smooth manifold. There is a neighborhood of the point 
(x,b) € M which is obtained from the smooth manifold Vj x (a, b] Uy V2 x [b,c) by 
inducing a new topology where the open subsets are, in addition to the usual ones, 
any open subset of the form {x” > 0} x [b, b’) where b < b/ <c. This then gives the 
coordinate charts of the third type near the points of 0Q2 x {b}. Clearly, since the 
function t and the vector field 0/Ot are smooth on V; x (a, b] Uy V2 x [b,c), we see 
that these objects glue together to form smooth objects on M. 

Given the Ricci flows g;(t) and g(t) as in the statement, they clearly determine 
a (possibly singular) horizontal metric on M. This horizontal metric is clearly 
smooth except possibly along the 6 time-slice. At any point of (Mz \ Qe) x {b} we 
have a one-sided smooth family, which means that on this set the horizontal metric 
is smooth. At a point of int(Q2) x {b}, the fact that the metrics fit together smoothly 
is an immediate consequence of Proposition [3.12] At a point 7 € O02 x {b} we have 
neighborhoods Vz C M2 of x and Vj C M; of w~!(x) that are isometrically identified 
by w. Hence, again by Lemma|3.12] we see that the Ricci flows fit together to form a 
smooth family of metrics on V; x (a, b] Uy V2 x [b, ce). Hence, the induced horizontal 
metric on M is smooth near this point. O 





The following is obvious from the definitions. 


PROPOSITION 14.12. Suppose that (M,G) is a Ricci flow with surgery. Let intM 
be the open subset consisting of all smooth (n+1)-manifold points, plus all manifold- 
with-boundary points at the initial time and the final time. This space-time inherits 
the structure of a smooth manifold with boundary. This structure together with the 
restrictions to it of t and the vector field x and the restriction of the horizontal 
metric G form a generalized Ricci flow whose underlying smooth manifold is intM. 


2.4. Scaling and translating Ricci flows with surgery. Suppose that (M,G) 
is a Ricci flow with surgery. Let @ be a positive constant. Then we can define a 
new Ricci flow with surgery by setting G’ = QG, t’ = Qt and y’ = Quy. It is 
easy to see that the resulting data still satisfies the generalized Ricci flow equation, 
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Equation (14.1). We denote this new Ricci flow with surgery by (QM,QG) where 
the changes in t and y are indicated by the factor Q in front of the space-time. 

It is also possible to translate a Ricci flow with surgery (M,G) by replacing the 
time function t by t’ = t + a for any constant a, and leaving x and G unchanged. 


2.5. More basic definitions. 


DEFINITION 14.13. Let (M,G) be a Ricci flow with surgery, and let x be a point 
of space-time. Set t = t(x). For any r > 0 we define B(x, t,r) C M; to be the metric 
ball of radius r centered at x in the Riemannian manifold (Mz, G(t)). 


DEFINITION 14.14. Let (M,G) be a Ricci flow with surgery, and let x be a 
point of space-time. Set t = t(x). For any r > 0 and At > 0 we say that the 
backward parabolic neighborhood P(x,t,r,—At) exists in M if there is an embedding 
B(a,t,r) x (t— At,t] — M compatible with time and the vector field. Similarly, we 
say that the forward parabolic neighborhood P(x,t,r, At) exists in M if there is an 
embedding B(x,t,r) x [t,t + At) + M compatible with time and the vector field. 
A parabolic neighborhood is either a forward or backward parabolic neighborhood. 


DEFINITION 14.15. Fix « > 0 and rp > 0. We say that a Ricci flow with surgery 
(M, G) is K-noncollapsed on scales < ro if the following holds for every point x € M 
and for every r < ro. Denote t(x) by t. If the parabolic neighborhood P(z, t, r, —r?) 
exists in M and if |Rmg| < r~? on P(a,t,r, —r?), then Vol B(a,t,r) > xr°. 


REMARK 14.16. For € > 0 sufficiently small, an e-round component satisfies the 
first condition in the above definition for some & > 0 depending only on the order of 
the fundamental group of the underlying manifold, but there is no universal k > 0 
that works for all e«-round manifolds. Fixing an integer N let Cy be the class of 
closed 3-manifolds with the property that any finite free factor of 71(/) has order 
at most N. Then any e-round component of any time-slice of any Ricci flow (M,G) 
whose initial conditions consist of a manifold in Cy will have fundamental group of 
order at most N and hence will satisfy the first condition in the above definition for 
some k > 0 depending only on N. 


We also have the notion of the curvature being pinched toward positive, analogous 
to the notions for Ricci flows and generalized Ricci flows. 


DEFINITION 14.17. Let (M,G) be a 3-dimensional Ricci flow with surgery, whose 
time domain of definition is contained in [0,00). For any x € M we denote the 
eigenvalues of Rm(x) by A(x) > u(x) > v(x) and we set X(x) = max(0,—v(2)). 
We say that its curvature is pinched toward positive if the following hold for every 
cEeM: 

(1) Re) > pass. 
(2) R(x) > 2X (x) (logX (x) + log(1 + t(x)) — 3), whenever 0 < X(z). 

Let (M,g) be a Riemannian manifold and let T > 0. We say that (M,g) has 
curvature pinched toward positive up to time T if the above two inequalities hold for 
all « € M with t(x) replaced by T. 


Lastly, there is the definition of canonical neighborhoods for a Ricci flow with 
surgery, there is the following extension of the notion for a generalized Ricci flow. 
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DEFINITION 14.18. Fix constants (C,e) and a constant r. We say that a Ricci 
flow with surgery (M,G) satisfies the strong (C,«€)-canonical neighborhood assump- 
tion with parameter r if every point x € M with R(x) > r~? has a strong (C,€)- 
canonical neighborhood in M. In all cases except that of the strong e-neck, the 
strong canonical neighborhood of x is a subset of the time-slice containing x, and 
the notion of a (C,¢)-canonical neighborhood has exactly the same meaning as in 
the case of an ordinary Ricci flow. In the case of a strong e-neck centered at x this 
means that there is an embedding (S? x (—e~!, e~')) x (t(x) — R(x)~', t(x)] + M, 
mapping (qo,0) to x, where go is the basepoint of $*, an embedding compatible 
with time and the vector field, such that the pullback of G is a Ricci flow on 
S? x (-e~!,e~+) which, when the time is shifted by —t(x) and then the flow is 
rescaled by R(x), is within € in the C [1/<l_topology of the standard evolving round 
cylinder (S? x (—e~',€~+), ho(t) x ds”) , -1 <t < 0, where the scalar curvature of 
the ho(t) is 1 — t. 


Notice that x is an exposed point or sufficiently close to an exposed point then x 
cannot be the center of a strong e-neck. 


CHAPTER 15 


Controlled Ricci flows with surgery 


We do not wish to consider all Ricci flows with surgery. Rather we shall con- 
centrate on 3-dimensional flows (that is to say 4-dimensional space-times) whose 
singularities are closely controlled both topologically and geometrically. We intro- 
duce the hypotheses that we require these evolutions to satisfy. Then main result, 
which is stated in this chapter and proved in the next two, is that these controlled 
3-dimensional Ricci flows with surgery always exist for all time with any compact 
3-manifold as initial metric. 


0.6. Normalized initial conditions. Consider a compact connected Riemann- 
ian 3-manifold (, g(0)) satisfying 
(1) |Rm(z,0)| <1 for all z € M and 
(2) for every x € M we have Vol B(x,0,1) > w/2 where w is the volume of the 
unit ball in R*. 

Under these conditions we say that (1M, g(0)) is normalized. Also, if (IM, g(0)) is 
the initial manifold of a Ricci flow with surgery then we say that it is a normalized 
initial metric. Of course, given any compact Riemannian 3-manifold (M, g(0)) there 
is a positive constant Q < co such that (M,Qg(0)) is normalized. 

Starting with a normalized initial metric implies that the flow exists and has 
uniformly bounded curvature for a fixed amount of time. This is the content of the 
following claim which is an immediate corollary of Theorem [3.11] Proposition [3.12} 
Theorem [3.28] and Proposition 


CLAIM 15.1. There is ko such that the following holds. Let (M,g(0)) be a nor- 
malized initial metric. Then the solution to the Ricci flow equation with these ini- 
tial conditions exists for t € [0,274], and |R(z,t)| < 2 for all x € M and all 
t € [0,2-4]. Furthermore, for any t € [0,2~*] and any x € M and any r < € we 
have Vol B(a,t,r) > Kor®. 


1. Gluing together evolving necks 


PROPOSITION 15.2. There is 0 < 3 < 1/2 such that the following holds for any 
e <1. Let (N x [—to, 0], g1(t)) be an evolving Be-neck centered at x with R(x,0) = 1. 
Let (N’ x (—t1,—to], go(t)) be a strong Be/2-neck. Suppose we have an isometric 
embedding of N x {—to} with N’ x {—to} and the strong Ge/2-neck structure on 
N’' x (—t 1, —to] is centered at the image of (x,—top]. Then the union 

N x [-to,0] UN’ x (—t1, —to] 

with the induced one-parameter family of metrics contains a strong e-neck centered 
at (x, 0). 


345 


346 15. CONTROLLED RICCI FLOWS WITH SURGERY 


PROOF. Suppose that the result does not hold. Take a sequence of 3, tending to 
zero and counterexamples (NV; x [—to,n, 0], gin (t)); (NY, x (—tin, —to,n], 92,n(t)). Pass 
to a subsequence so that the to, tend to a limit to... > 0. Since G, tends to zero, 
we can take a smooth limit of a subsequence and this limit is an evolving cylinder 
(S? xR, h(t) x ds”), where h(t) is the round metric of scalar curvature 1/(1—t) defined 
for some amount of backward time. Notice that, for all ( sufficiently small, on a 
Ge-neck the derivative of the scalar curvature is positive. Thus, Ry, ,,(@,—ton) < 1. 
Since we have a strong neck structure on Nj), centered at (a, —to,»,), this implies that 
tim > 1so that the limit is defined for at least time t € [0,1+to,.0). If tooo > 0, then, 
restricting to the appropriate subset of this limit, a subset with compact closure in 
space-time, it follows immediately that for all n sufficiently large there is a strong 
e-neck centered at (z,0). This contradicts the assumption that we began with a 
sequence of counterexamples to the proposition. 

Let us consider the case when tp,., = 0. In this case the smooth limit is an 
evolving round cylinder defined for time (—1,0]. Since t),, > 1 we see that for any 
A < oo for all n sufficiently large the ball B(x,,,0, A) has compact closure in every 
time-slice and there are uniform bounds to the curvature on B(x,,0,A) x (—1,0]. 
This means that the limit is uniform for time (—1,0] on all these balls. Thus, once 
again for all n sufficiently large we see that (x,0) is the center of a strong e-neck 
in the union. In either case we have obtained a contradiction, and hence we have 
proved the result. See Fic. O 





N x {0} 





FIGURE 1. Gluing together necks. 


1.1. First assumptions. Choice of C and e: The first thing we need to do 
is fix for the rest of the argument C' < co and € > 0. We do this in the following way. 


= 
We fix 0 < € < min(1/200, (VD(4o + 5)) , €1/2, € /2, €9) where €, is the constant 
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from Proposition [2.19] @ is the constant from Theorem[9.93} €9 is the constant from 
Section [I] and Ag and D are the constants from Lemma [12.3] We fix 3 < 1/2, the 
constant from Proposition [15.2] Then we let C' be the maximum of the constant 
C(e) as in Corollary [9.94] and C’(Ge/3) + 1 as in Theorem [12.32] 

For all such ¢, Theorem [10.2] holds for ¢ and Proposition 2.19] Proposition [9.79] 
and Corollaries [9.94] and [9.95] and Theorems [11.1] and [11.8] hold for 2e. Also, all the 
topological results of the Appendix hold for 2e and a = 10~?. 

Now let us turn to the assumptions we shall make on the Ricci flows with surgery 
that we shall consider. Let M be a space-time. Our first set of assumptions are 
basically topological in nature. They are: 


Assumption (1). Compactness and dimension: Each time-slice M; of space- 


time is a compact 3-manifold containing no embedded RP? with trivial normal bun- 
dle. 


Assumption (2). Discrete singularities: The set of singular times is a discrete 
subset of R. 


Assumption (3). Normalized initial conditions: 0 is the initial time of the 
Ricci flow with surgery and the initial metric (Mo, G(0)) is normalized. 


It follows from Assumption (2) that for any time t in the time-interval of definition 
of a Ricci flow with surgery, with t being distinct from the initial and final times 
(if these exist), for all 6 > 0 sufficiently small, the only possible singular time in 
[t — 6,t + 6] is t. Suppose that t is a singular time. The singular locus at time t is 
a closed, smooth subsurface © C M;. From the local model, near every point of 
x € % we see that this surface separates M; into two pieces: 


M, = C, Us, Et, 


where EF; is the exposed region at time ¢ and C; is the complement of the interior 
of EF; in My. We call C; the continuing region. C, C M; is the maximal subset of 
M; for which there is 6 > 0 and an embedding C; x (t — 6,t] — M compatible with 
time and the vector field. 

Assumption (4). Topology of the exposed regions: At all singular times t 
we require that E, be a finite disjoint union of 3-balls. In particular, Xi, is a finite 
disjoint union of 2-spheres. 


The next assumptions are geometric in nature. Suppose that t is a surgery time. 

Let M_.0,t) be t~1((—oo, t)) and let (M 00,1) @) be the maximal extension of 
(M(—0o,t);@) to time t, as given in Definition [1.22] 
Assumption (5). Boundary components of the exposed regions: There is 
a surgery control parameter function, 6(t) > 0, a non-increasing function of t, such 
that each component of %_ C M; is the central 2-sphere of a strong 6(t)-neck in 
(M (~00,t); G). 


Suppose that t is a singular time. Then for all t~— < t with ¢ sufficiently close to 
t, the manifolds M,- are diffeomorphic and are identified under the flow. Applying 
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the flow (backward) to C; produces a diffeomorphism from C; onto a compact sub- 
manifold with boundary C;- Cc M,-. Our next assumption concerns the nature of 
the metrics G(t~ ) on the disappearing region D,- = M,- \ C,-. The following holds 
for every t~ < t sufficiently close to t. 

Assumption (6). Control on the disappearing region: For any singular time 
t, for all t— < t sufficiently close to t, each point of x € D,- has a strong (C,e)- 
canonical neighborhood in M,-. 

Assumption (7). Maximal flow intervals: Let t be the initial time or a singular 
time and let t' be the first singular time after t if such exists, otherwise let t’ be the 
least upper bound of the time-interval of definition of the Ricci flow with surgery. 
Then the restriction of the Ricci flow with surgery to |t,t’) is a maximal Ricci flow. 
That is to say, either t' = co or, ast >t’ from below, the curvature of G(t) is 
unbounded so that this restricted Ricci flow cannot be extended as a Ricci flow to 
any larger time. 


From now on C and « have fixed values as described above and all Ricci 
flows with surgeries are implicitly assumed to satisfy Assumptions (1) — 


(7). 


2. Topological consequences of Assumptions (1) — (7) 


Next we show that the topological control that we are imposing on the 3-dimensional 
Ricci flows with surgery are enough to allow us to relate the topology of a time-slice 
Mr in terms of a later time-slice My and topologically standard pieces. This is the 
result that will be used to establish the topological theorems stated in the introduc- 
tion. 


PROPOSITION 15.3. Suppose that (M,G) is a generalized Ricci flow satisfying 
Assumptions (1) — (7). Let t be a singular time. Then the following holds for any 
t < t sufficiently close to t. The manifold M,- is diffeomorphic to a manifold 
obtained in the following way. Take the disjoint union of M;z, finitely many 2-sphere 
bundles over S', and finitely many closed 3-manifolds admitting metrics of constant 
positive curvature. Then perform connected sum operations between (some subsets 
of) these components. 


Proor. Fix t/ < t but sufficiently close to t. By Assumption 4 every component 
of EF, is a 3-ball and hence every component of OF; = OC; is a 2-sphere. Since 
C; is diffeomorphic to Cy C M; we see that every component of OCy = OD, is 
a 2-sphere. Since every component of F; is a 3-ball, the passage from the smooth 
manifold M, to the smooth manifold M; is effected by removing the interior of Dy 
from My and gluing a 3-ball onto each component of OCy to form M,. 

By Assumption (5) every point of Dy has a strong (C, €)-canonical neighborhood. 
Since € is sufficiently small it follows from Proposition [19.25]that every component of 
Dy that is also a component of M; is diffeomorphic either to a manifold admitting 
a metric of constant positive curvature (a 3-dimensional space-form), to RP?#RP? 
or to a 2-sphere bundle over S'. In the passage from M, to M; these components 
are removed. 
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Now let us consider a component of Dy that is not a component of My. Such a 
component is a connected subset of My with the property that every point is either 
contained in the core of a (C,e€)-cap or is the center of an e-neck and whose frontier 
in My, consists of 2-spheres that are central 2-spheres of e-necks. If every point is 
the center of an e-neck, then according to Proposition Dy is an e-tube and 
in particular is diffeomorphic to $? x IJ. Otherwise Dy is contained in a capped 
or double capped e-tube. Since the frontier of D, is non-empty and is the union 
of central 2-spheres of an e-neck, it follows that either Dy is diffeomorphic to a 
capped e-tube or to an e-tube. Hence, these components of Dy» are diffeomorphic 
either to S? x (0,1), to D%, or to RP? \ B%. Replacing a 3-ball component of Dy 
by another 3-ball leaves the topology unchanged. Replacing a component of Dy, 
that is diffeomorphic to S? x I by the disjoint union of two 3-balls has the effect 
of doing a surgery along the core 2-sphere of the cylinder S$? x J in My. If this 
2-sphere separates My into two pieces then doing this surgery effects a connected 
sum decomposition. If this 2-sphere does not separate, then the surgery has the 
topological effect of doing a connected sum decomposition into two pieces, one of 
which is diffeomorphic to S$? x S', and then removing that component entirely. 
Replacing a component of Dy that is diffeomorphic to RP? \ B? by a 3-ball, has the 
effect of doing a connected sum decomposition on My, into pieces, one of which is 
diffeomorphic to RP?, and then removing that component. 

From this description the proposition follows immediately. O 





COROLLARY 15.4. Let (M,G) be a generalized Ricci flow satisfying Assumptions 
(1) — (7) with initial conditions (M,9(0)). Suppose that for some T the time-slice 
Mr of this generalized flow satisfies Thurston’s Geometrization Conjecture. Then 
the same is true for the manifold M; for any t < T, and in particular M satisfies 
Thurston’s Geometrization Conjecture. In addition, 


(1) If for some T > 0 the manifold Mr is empty, then M is a connected sum 
of manifolds diffeomorphic to 2-sphere bundles over S' and 3-dimensional 
space-forms, 1.e., compact 3-manifolds that admit a metric of constant pos- 
itive curvature. 

(2) If for some T > 0 the manifold Mr is empty and if M is connected and 
simply connected, then M is diffeomorphic to S°. 

(3) If for some T > 0 the manifold Mr is empty and if M has finite funda- 
mental group, then M is a 3-dimensional space-form. 


PROOF. Suppose that Mr satisfies the Thurston Geometrization Conjecture and 
that to is the largest surgery time < T. (If there is no such surgery time then Mr is 
diffeomorphic to M and the result is established.) Let T’ < to be sufficiently close 
to to so that to is the only surgery time in the interval [T’,T]. Then according to 
the previous proposition M7 is obtained from Mr by first taking the disjoint union 
of Mr and copies of 2-sphere bundles over S$! and 3-dimensional space forms. In 
the Thurston Geometrization Conjecture the first step is to decompose the mani- 
fold as a connected sum of prime 3-manifolds and then to treat each prime piece 
independently. Clearly, the prime decomposition of M7” is obtained from the prime 
decomposition of Mr by adding a disjoint union with 2-sphere bundles over S$! 
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and 3-dimensional space forms. By definition any 3-dimensional space-form satisfies 
Thurston’s Geometrization Conjecture. Since any diffeomorphism of S? to itself is 
isotopic to either the identity or to the antipodal map, there are two diffeomorphism 
types of 2-sphere bundles over S!: S? x S' and the non-orientable 2-sphere bundle 
over S'. Each is obtained from S$? x I be gluing the ends together by an isometry 
of the round metric on S?. Hence, each has a homogeneous geometry modeled on 
S? x R, and hence satisfies Thurston’s Geometrization Conjecture. This proves that 
if Mr satisfies this conjecture, then so does My’. Continuing this way by induction, 
using the fact that there are only finitely many surgery times completes the proof 
of the first statement. 

Statement (1) is proved analogously. Suppose that Mr is a disjoint union of 
connected sums of 2-sphere bundles over S! and 3-dimensional space-forms. Let 
to be the largest surgery time < JT and let IT’ < to be sufficiently close to to. 
(As before, if there is no such to then Mr is diffeomorphic to M and the result 
is established.) Then it is clear from the previous proposition that My is also a 
disjoint union of connected sums of 3-dimensional space-forms and 2-sphere bundles 
over S'. Induction as in the previous case completes the argument for this case. 

The last two statements are immediate from this one. O 





3. Further conditions on surgery 


3.1. The surgery parameters. The process of doing surgery requires fixing 
the scale h at which one does the surgery. We shall have to allow this scale h to 
be a function of time, decreasing sufficiently rapidly with t. In fact, the scale is 
determined by two other functions of time which also decay to zero as time goes to 
infinity— a canonical neighborhood parameter r(t) determining the curvature thresh- 
old above which we have canonical neighborhoods and the surgery control parameter 
6(t) determining how close to cylinders (products of the round 2-sphere with an in- 
terval) the regions where we do surgery are. In addition to these functions, in order 
to prove inductively that we can do surgery we need to have a non-collapsing result. 
The non-collapsing parameter « > 0 also decays to zero rapidly as time goes to 
infinity. Here then are the functions that will play the crucial role in defining the 
surgery process. 


DEFINITION 15.5. We have: (i) a canonical neighborhood parameter, r(t) > 0, and 
(ii) a surgery control parameter 5(t) > 0. We use these to define the surgery scale 
function h(t). Set p(t) = d(t)r(t). Let h(t) = A(p(t),d(t)) < p(t) -d(t) = 9 (@)r(t) 
be the function given by Theorem[i1.31] We require that h(0) < Ro 1/2 where Ro is 
the constant from Theorem [13.2 

In addition, there is a function «(t) > 0 called the non-collapsing parameter. 
All three functions r(t), 5(t) and «(t) are required to be positive, non-increasing 
functions of t. 


We shall consider Ricci flows with surgery (M,G) that satisfy Assumptions (1) 
— (7) and also satisfy: 7 
For any singular time t the surgery at time t is performed with control 0(t) 


and at scale h(t) = h(p(t),4(t)), where p(t) = 5(t)r(t), in the sense that each 
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boundary component of C; is the central 2-sphere of a strong 5(t)-neck 
centered at a point y with R(y) = h(t)~?. 

There is quite a bit of freedom in the choice of these parameters. But it is not 
complete freedom. They must decay rapidly enough as functions of t. We choose 
to make r(t) and «(t) step functions, and we require 6(t) to be bounded above by a 
step function of t. Let us fix the step sizes. 


DEFINITION 15.6. We set tp = 2~°, and for any i > 0 we define T; = 2°to. 


The steps we consider are [0,75] and then [T;,7j41] for every 1 > 0. The first 
step is somewhat special. Suppose that (M,G) is a Ricci flow with surgery with 
normalized initial conditions. Then according to Claim[I5.1|the flow exists on [0, T{] 
and the norm of the Riemann curvature is bounded by 2 on [0,7], so that by 
Assumption (7) there are no surgeries in this time interval. Also, by Claim 
there is a Kg > 0 so that Vol B(z,t,r) < Kor? for every t < T, and 2 € M; and every 
r<e. 


DEFINITION 15.7. Surgery parameter sequences are sequences 
(i) r=ro>rm>re2>--->0, with ro =e, 
(ii) K = ko > Kk, > ko >--- > 0 with &o as in Claim [15.1] and 
(iii) A = 69 > 6) > 62 > +++ > 0 with dp = min(Ge/3, 54, K 1, D~!) where 
09 is the constant from Theorem [13.2] and 3 < 1/2 is the constant from 
Proposition [15.2} € is the constant that we have already fixed, and K and 
D are the constants from Lemma [12.3 


We shall also refer to partial sequences defined for indices 0,...,2 for some 7 > 0 as 
surgery parameter sequences if they are positive, non-increasing and if their initial 
terms satisfy the conditions given above. 


We let r(t) be the step function whose value on [T;, 7;41) is 77441 and whose value 
on [0,7 9) is ro. We say that a Ricci flow with surgery satisfies the strong (C,«)- 
canonical neighborhood assumption with parameter r if it satisfies this condition 
with respect to the step function r(t) associated with r. This means that any « © M 
with R(x) > r~?(t(x)) has a strong (C,¢)-canonical neighborhood in M. Let x(t) 
be the step function whose value on [T;,7j41) is &;41 and whose value on [0,7o) is 
kg. Given & > 0, we say that a Ricci flow defined on [0,¢] is k-non-collapsed on 
scales < € provided that for every point x not contained in a component of its time- 
slice with positive sectional curvature, if for some r < €, the parabolic neighborhood 
P(x, t(x),r,—r?) exists in M and the norm of the Riemann curvature is bounded on 
this backward parabolic neighborhood by r~?, then Vol B(z, t(x),r) > Kr?. We say 
that a Ricci flow with surgery is K-non-collapsed on scales ¢ if for every t € [0, 00) 
the restriction of the flow to [0,t] is «(¢)-non-collapsed on scales < ¢. Lastly, we fix 
a non-increasing function 6(t) > 0 with d(t) < d;41 if t € [Tj,Ty41) for all i > 0 and 
d(t) < do for t € [0,7 ). We denote the fact that such inequalities hold for all t by 
saying d(t) < A. 

Having fixed surgery parameter sequences K, r and A, defined step functions 
r(t) and «(t), and fixed 6(t) < A as above, we shall consider only Ricci flows with 
surgery where the surgery at time t is defined using the surgery parameter functions 
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r(t) and 6(t). In addition, we require that these Ricci flows with surgery satisfy 
Assumptions (1) — (7). 

What we shall show is that there are surgery parameter sequences r, K and 
A with the property that for any normalized initial metric and any positive, non- 
increasing function 6(t) < A, it is possible to construct a Ricci flow with surgery 
using the surgery parameters r(t) and 6(t) with the given initial conditions and 
furthermore that this Ricci flow with surgery satisfies the Assumptions (1) — (7), has 
curvature pinched toward positive, satisfies the canonical neighborhood assumption, 
and satisfies the non-collapsing assumption using these parameters. 

In fact we shall prove this inductively, constructing the step functions inductively 
one step at a time. Thus, given surgery parameter sequences indexed by 0,...,7 we 
show that there are appropriate choices of rj41, 4j;41 and 6;41 such that the following 
is true. Given a Ricci flow with surgery defined on time [0,7;) satisfying all the 
properties with respect to the first set of data, that Ricci flow with surgery extends 
to one defined for time [0,7;41) and satisfies Assumptions (1) — (7), the canonical 
neighborhood assumption and the non-collapsing assumption with respect to the 
extended surgery parameter sequences, and has curvature pinched toward positive. 
As stated this is not quite true; there is a slight twist: we must also assume that 
O(t) < 6:41 for all t € [Tj-1,T;41). It is for this reason that we consider pairs 
consisting of sequences A and a surgery control parameter 6(t) bounded above by 


Ay 


4. The process of surgery 


Suppose given surgery parameter sequences {ro,...,7i+1}, {Ko,.--, 4:41} and 
A; = {do,--.-,6;} and also given a positive, decreasing function 6(t) < Aj, defined 
for t < Ti41 with dp = min(ae/3, 6), K+, D~!) as above. Suppose that (M,G) is a 
Ricci flow with surgery defined for t € [0, 7) that goes singular at time T € (Jj, Tj+1]. 
We suppose that it satisfies Assumptions (1) — (7). Since the flow has normalized 
initial conditions and goes singular at time 7’, it follows that 7 > 1. We suppose 
that (M,G) satisfies the (C, )-canonical neighborhood assumption with parameter 
rj41, and that its curvature is pinched toward positive. By Theorem [11.19] we know 
that there is a maximal extension (M : G) of this generalized flow to time T with the 
T time-slice being (Q(T),G(T)). Set p = 6(T)ri41, and set h(T) = h(p(T),4(T)) 
as in Theorem [I1.31] Since 6(T) < 59 < 1, we see that p < rjy1. According 
to Lemma there are finitely many components of Q(T) that meet ,(7). 
Let 0!8(T) be the disjoint union of all the components of 0(T) that meet 0,(T). 
Lemma [11.30] also tells us that Q>'8(T) contains a finite collection of disjoint 2e- 
horns with boundary contained in Q,/2c, and the complement of the union of the 
interiors of these horns is a compact submanifold with boundary containing (Q,. Let 
Hy,...,H,; be a disjoint union of these 2e-horns. For each 7 fix a point yj € Hi with 
R(y;) = h-?(T). According to Theorem [11.31] for each i there is a strong 6(T’)-neck 
centered at y; and contained in H;. We orient the s-direction of the neck so that 
its positive end lies closer to the end of the horn than its negative end. Let S$? 
be the center of this strong 6(T')-neck. Let Hj be the unbounded complementary 
component of S? in H;. Let Cr be the complement of te H} in Q8(T). Then 
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we do surgery on these necks as described in Section [1] using the constant g = qo 
from Theorem [13.2] removing the positive half of the neck, and gluing on the cap 
from the standard solution. This creates a compact 3-manifold Mp = Cr Ur, S? B;, 
where each B; is a copy of the metric ball of radius Ap + 4 centered around the tip 
of the standard solution (with the metric scaled by h?(T) and then perturbed near 
the boundary of B; to match g(T)). Notice that in this process we have removed 
every component of Q(T) that does not contain a point of 0,(T). The result of 
this operation is to produce a compact Riemannian 3-manifold (Mr, Gr) which is 
the T time-slice of our extension of (M,G). Let (Mr,G(t)), T <t < T’, be the 
maximal Ricci flow with initial conditions (M7,Gr) at t = T. Our new space-time 
is the union of Mr x [T,T’) and (M,G) UCr x {T} along Cr x {T}. Since the 
isometric embedding Cr C Mr extends to an Here, we view (M,G) UCr x {T} 
as a subspace of (M,G) via the isometric embedding of Cr into Q(T). The time 
functions and vector fields glue to provide analogous data for this new space-time. 
According to Lemma [14.1] the horizontal metrics glue together to make a smooth 
metric on space-time satisfying the Ricci flow equation. 

Notice that the continuing region at time T' is exactly Cr whereas the exposed 
region is [[; B;, which is a disjoint union of 3-balls. The disappearing region is 
the complement of the embedding of Cr in My for t' < T but sufficiently close 
to it obtained by flowing Cp C Qr backward. The disappearing region contains 
My \ Q(T) and also contains all components of 2(7') that do not contains points 
of 2,(7), as well as the ends of those components of Q(T) that contain points of 
O57). 


DEFINITION 15.8. The operation described in the previous paragraph is the 
surgery operation at time T using the surgery parameters 6(T) and rj41. 


5. Statements about the existence of Ricci flow with surgery 


What we shall establish is the existence of surgery satisfying Assumptions (1) 
— (7) above and also satisfying the curvature pinched toward positive assumption, 
the strong canonical neighborhood assumption, and the non-collapsing assumption. 
This requires first of all that we begin with a compact, Riemannian 3-manifold 
(M, g(0)) that is normalized, which we are assuming. It also requires careful choice 
of upper bounds A = {6;} for the surgery control parameter 5(t) and careful choice 
of the canonical neighborhood parameter r = {r;} and of the non-collapsing step 
function K = {k;}. 

Here is the statement that we shall establish. 


THEOREM 15.9. There are surgery parameter sequences 


K = {Ki}, A = {021.0 = {riten 
such that the following holds. Let r(t) be the step function whose value on [T;-1, Ti) 
is r;. Suppose that 6: (0,00) — R* is any non-increasing function with d(t) < 6; 
whenever t € [T;-1,T;). Then the following holds: Suppose that (M,G) is a Ricci 
flow with surgery defined for 0 < t < T satisfying Assumptions (1) — (7). In 
addition, suppose that the following conditions: 
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(1) the generalized flow has curvature pinched toward positive, 

(2) the flow satisfies the strong (C,¢€)-canonical neighborhood assumption with 
parameter r on [0,T'), and 

(3) the flow is K non-collapsed on |0,T) on scales < e. 


Then there is an extension of (M,G) to a Ricci flow with surgery defined for all 
0<t<o and satisfying Assumptions (1) — (7) and the above three conditions. 


This of course leads immediately to the existence result for Ricci flows with 
surgery defined for all time with any normalized initial conditions. 


COROLLARY 15.10. Let K, r and A be surgery parameter sequences provided by 
the previous theorem. Let 6(t) be a non-increasing positive function with 6(t) < A. 
Let M be a compact 3-manifold containing no RP? with trivial normal bundle. Then 
there is a Riemannian metric g(0) on M and a Ricci flow with surgery defined for 
0 < t < © with initial metric (M,g(0)). This Ricci flow with surgery satisfies 
the seven assumptions and is K-non-collapsed on scales < ¢. It also satisfies the 
strong (C,«€)-canonical neighborhood assumption with parameter r and has curvature 
pinched toward positive. Furthermore, any surgery at a time t € |[Tj,Tj41) is done 
using 6(t) and ri41. 


Proor. (Assuming Theorem [15.9] Choose a metric g(0) so that (IM, go) is nor- 
malized. This is possible by beginning with any Riemannian metric on M and 
scaling it by a sufficiently large positive constant to make it normalized. According 
to Proposition [4.11] and the definitions of T; and ko there is a Ricci flow (M, g(t)) 
with these initial conditions defined for 0 < t < T> satisfying Assumptions (1) — (7) 
and the three conditions of the previous theorem. The assumption that M has no 
embedded RP? with trivial normal bundle is needed so that Assumption (1) holds 
for this Ricci flow. Hence, by the previous theorem we can extend this Ricci flow to a 
Ricci flow with surgery defined for all 0 < t < oo satisfying the same conditions. O 





Showing that after surgery Assumptions (1) — (7) continue to hold and that the 
curvature is pinched toward positive is direct and only requires that 0(t) be smaller 
than some universal positive constant. 


LEMMA 15.11. Suppose that (M,G) is a Ricci flow with surgery going singular 
at time T € [T;_1,7;). We suppose that (M,G) satisfies Assumptions (1) - (7), has 
curvature pinched toward positive, satisfies the strong (C,«€)-canonical neighborhood 
assumption with parameter r and is K non-collapsed. Then the result of the surgery 
operation at time T on (M,G) is a Ricci flow with surgery defined on |0,T") for 
some T’ > T. The resulting Ricci flow with surgery satisfies Assumptions (1) — (7). 
It also has curvature pinched toward positive. 


ProoF. It is immediate from the construction and Lemma[I4.1]|that the result 
of performing the surgery operation at time T on a Ricci flow with surgery produces 
a new Ricci flow with surgery. Assumptions (1) — (3) clearly hold for the result. 
and Assumptions (4) and (5) hold because of the way that we do surgery. Let us 
consider Assumption (6). Fix t’ < T so that there are no surgery times in [t’, 7’). By 
flowing backward using the vector field y we have an embedding w: C; x [t/, T] — M 
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compatible with time and the vector field. For any p € My \ (int Cr x {t’}) the 
limit as t tends to T from below of the flow line p(t) at time t through p either lies 
in Q(T) or it does not. In the latter case, by definition we have 
lim, vr R(p(t)) = oo. 
In the former case, the limit point either is contained in the end of a strong 2e-horn 
cut off by the central 2-sphere of the strong 6-neck centered at one of the y; or is 
contained in a component of (Q(Z’) that contains no point of Q,(T). Hence, in this 
case we have 
lim,,7-R(p(t)) > p-? > 77°. 

Since My \y(int Cr x {t’}) is compact for every t’, there is T; < T such that R(p(t)) > 
r,° for all p € My \ w(intCr x {t'}) and all t € [T,,T). Hence, by our assumptions 
all these points have strong (C,¢)-canonical neighborhoods. This establishes that 
Assumption (6) holds at the singular time T. By hypothesis Assumption (6) holds 
at all earlier singular times. Clearly, from the construction the Ricci flow on [T,T’) 
is maximal. Hence, Assumption (7) holds for the new Ricci flow with surgery. 

From Theorem [13.2] the fact that d(T) < 6; < dp < 6g and h(T) < ne imply 
that the Riemannian manifold (M7,G(T)) has curvature pinched toward positive 
for time T. It then follows from Corollary [4.32]that the Ricci flow defined on [J T’) 
with (Mr,G(T)) as initial conditions has curvature pinched toward positive. The 
inductive hypothesis is that on the time-interval [0,7) the Ricci flow with surgery 
has curvature pinched toward positive. This completes the proof of the lemma. UO 





PROPOSITION 15.12. Suppose that (M,G) is a Ricci flow with surgery satisfying 
Assumptions (1) — (7) in Section[L.1| Suppose that T is a surgery time, suppose that 
the surgery control parameter 6(T) is less than d9 in Definition[15.7 and suppose 
that the scale of the surgery h(T) is less than ee where Ro is the constant from 
Theorem 13.2, Fix t! < T sufficiently close to T. Then there is an embedding 
p: My x {t',T) — M compatible with time and the vector field. Let X(t’) be a 
component of My and let X(T) be a component obtained from X(t') by doing surgery 
at time T. We view p*G as a one-parameter family of metrics g(t) on X(t’). There is 
an open subset Q C X(t’) with the property that limy_,r-g(t’)|q exists (we denote it 
by g(T)|a) and with the property that ploxiyr) extends to a map p: Qx {t',T] = M. 
This defines a map for Q Cc X(t’) onto an open subset Q(T) of X(T) which is an 
isometry from the limiting metric g(T) on Q to G(T)|q. Suppose that all of the 2- 
spheres along which we do surgery are separating. Then this map extends to a map 
X(t!) = X(T). For allt < T but sufficiently close to T this extension is a distance 
decreasing map from (X(t’) \ Q,g(t)) to X(T). 


PROOF. This is immediate from the third item in Theorem [13.2 O 





REMARK 15.13. If we have a non-separating surgery 2-sphere then there will a 
component X(T’) with surgery caps on both sides of the surgery 2-sphere and hence 
we cannot extend the map even continuously over all of X(t’). 


The other two inductive properties in Theorem — that the result is K-non- 
collapsed and also that it satisfies the strong (C, €)-canonical neighborhood assump- 
tion with parameter r - require appropriate inductive choices of the sequences. The 
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arguments establishing these are quite delicate and intricate. They are given in the 
next two sections. 


6. Outline of the proof of Theorem 


Before giving the proof proper of Theorem [15.9] let us outline how the argument 
goes. We shall construct the surgery parameter sequences A, r, and K inductively. 
Because of Lemma|4.11]]we have the beginning of the inductive process. We suppose 
that we have defined sequences as required up to index 7 for some i > 1. Then we 
shall extend them one more step to sequences defined up to (i + 1), though there is 
a twist: to do this we must redefine 6; in order to make sure that the extension is 
possible. In Chapter [I6] we establish the non-collapsing result assuming the strong 
canonical neighborhood result. More precisely, suppose that we have a Ricci flow 
with surgery (M,G) defined for time 0 < t < T with T € (%,7j4,1] so that the 
restriction of this flow to the time-interval [0,7;) satisfies the inductive hypothesis 
with respect to the given sequences. Suppose also that the entire Ricci flow with 
surgery has strong (C,¢)-canonical neighborhoods for some r;+; > 0. Then there is 
O(ri41) > 0 and Kj41 > 0 such that, provided that d(t) < 5(rj41) for all t € [T;-1,T), 
the Ricci flow with surgery (M,G) is &j41 non-collapsed on scales < e. 

In Section [I] we show that the strong (C,¢)-canonical neighborhood assumption 
extends for some parameter rj41, assuming again that 6(t) < 6(ri41) for all t € 
[Ti-1,T). 

Lastly, in Section[2]we complete the proof by showing that the number of surgeries 
possible in [0,7;41) is bounded in terms of the initial conditions and 5(T). The 
argument for this is a simple volume comparison argument — under Ricci flow with 
normalized initial conditions, the volume grows at most at a fixed exponential rate 
and under each surgery an amount of volume, bounded below by a positive constant 
depending only on 6(7;41), is removed. 


CHAPTER 16 


Proof of the non-collapsing 


The precise statement of the non-collapsing result is given in the next section. 
Essentially, the proof of non-collapsing in the context of Ricci flow with surgery is 
the same as the proof in the case of ordinary Ricci flows. Given a point « € M, one 
finds a parabolic neighborhood whose size, r’, is determined by the constants 7;, C 
and ¢, contained in t~!([T;_1,7;)) and on which the curvature is bounded by (r’)~?. 
Hence, by the inductive hypothesis, the final time-slice of this neighborhood is k;- 
non-collapsed. Furthermore, we can choose this neighborhood so that the reduced 
L-length of its central point from x is bounded by 3/2. This allows us to produce 
an open subset at an earlier time whose reduced volume is bounded away from zero. 
Then using Theorem [8.1] we transfer this conclusion to a non-collapsing conclusion 
for z. The main issue in this argument is to show that there is a point in each earlier 
time-slice whose reduced length from x is at most 3/2. We can argue as in the case of 
a Ricci flow if we can show that any curve parameterized by backward time starting 
at x (a point where the hypothesis of «-non-collapsing holds) that comes close to a 
surgery cap either from above or below must have large £-length. In establishing 
the relevant estimates we are forced to require that 6; be sufficiently small. 


1. The statement of the non-collapsing result 


Here, we shall assume that after surgery the strong canonical neighborhood as- 
sumption holds, and we shall establish the non-collapsing result. 


PROPOSITION 16.1. Suppose that for some i > 0 we have surgery parameter 
sequences 69 > 0, >-:: > 6; > 0,€ =r > 1m >: > 7% > O and ko > ky > 

- > Kh; > 0. Then there is 0 < K < mK; and for any 0 < rig < 1; there is 
0 < d(riz1) < 6; such that the following holds. Suppose that 6: [0,T;41] ~ Rt is a 
non-increasing function with 5(t) < 6; for all t € [T;,Tj41) and 8(t) < 6(rigi) for 
all t € [Tj-1,Tj41). Suppose that (M,G) is a Ricci flow with surgery defined for 
0<t<T for some T € (T;,Tj41] with surgery control parameter 5(t). Suppose that 
the restriction of this Ricci flow with surgery to the time-interval [0,T;) satisfies the 
hypothesis of Theorem [15.9 with respect to the given sequences. Suppose also that 
the entire Ricci flow with surgery (M,G) satisfies Assumptions (1) — (7) and the 
strong (C,€)-canonical neighborhood assumption with parameter r;41. Then (M,G) 
is K-non-collapsed on all scales < e. 


REMARK 16.2. Implicitly, & and 6(rj41) are also allowed to depend on to, «¢, and 
C’,, which are fixed, and also i+1. Also recall that the non-collapsing condition allows 
for two outcomes: if x is a point at which the hypothesis of the non-collapsing hold, 
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then there is a lower bound on the volume of a ball centered at x, or x is contained 
in a component of its time-slice that has positive sectional curvature. 


2. The proof of non-collapsing when R(x) = r~? with r < ri41 


Let us begin with an easy case of the non-collapsing result, where non-collapsing 
follows easily from the strong canonical neighborhood assumption, rather than from 
using £-length and monotonicity along £-geodesics. We suppose that we have a 
Ricci flow with surgery (M,G) defined for 0 < t < T with T € [T;,Tj41), and a 
constant rij41 < 1;, all satisfying the hypothesis of Proposition [16.1] Here is the 
result that establishes the non-collapsing in this case. 


PROPOSITION 16.3. Letx € M with t(x) =t and with R(x) =r-? > (ae Then 
there is & > 0 depending only on C such that M is K-non-collapsed at x; that is to 
say, if R(x) = r~? with r < ri41, then Vol B(z,t,r) > wr3, or x is contained in a 


component of M; with positive sectional curvature. 


PrROoF. Since R(x) > ace by assumption any such x has a strong (C,€e)- 
canonical neighborhood. If this neighborhood is a strong e-neck centered at x then 
the result is clear for a non-collapsing constant « which is universal. If the neigh- 
borhood is an €-round component containing x, then x is contained in a component 
of positive sectional curvature. Likewise, if « is contained in a C-component then 
by definition it is contained in a component of its time-slice with positive sectional 
curvature. 

Lastly, we suppose that x is contained in the core Y of a (C,e€)-cap C. Let 
r’ > 0 be such that the supremum of |Rm| on B(z,t,r’) is (r’)~*. Then, by the 
definition of a (C,¢)-cap, vol B(x,t,r’) > C71(r’)3. Clearly, r’ < r and there is a 
point y € B(z,t,r’) with R(y) = (r’)~?. On the other hand, by the definition of 
a (C,€)-cap, we have R(y)/R(x) < C, so that r’/r > C~'/?. Thus, the volume of 
B(a,t,r) is at least C~5/2r3, 

This completes an examination of all cases and establishes the proposition. UO 





3. Minimizing C-geodesics exist when R(x) < rj,,: the statement 


The proof of the non-collapsing result when R(x) = r~? with rj41 <r < € is much 
more delicate. As we indicated above, it is analogous to the proof of non-collapsing 
for Ricci flows given in Chapter [8] That is to say, in this case the result is proved 
using the length function on the Ricci flow with surgery and the monotonicity of 
the reduced volume. Of course, unlike the case of Ricci flows treated in Chapter [8] 
here not all points of a Ricci flow with surgery M can be reached by minimizing 
£-geodesics, or rather more precisely by minimizing £-geodesics contained in the 
open subset of smooth points of M. (It is only for the latter £-geodesics that the 
analytic results of Chapter [6] apply.) Thus, the main thing to establish in order to 
prove non-collapsing is that for any Ricci flow with surgery (M,G) satisfying the 
hypothesis of Proposition [16.1] there are minimizing L-geodesics in the open subset 
of smooth points of M to ‘enough’ of M so that we can run the same reduced 
volume argument that worked in Chapter[8] Here is the statement that tells us that 
there are minimizing £-geodesics to ‘enough’ of M. 
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PROPOSITION 16.4. For each ri41 with 0 < rig, < Ti, there is 6 = d(ri41) > 0 
(depending implicitly on to, C, €, andi) such that if 5(t) <6 for all t € [T;-1, Ti44] 
then the following holds. Let (M,G) be a Ricci flow with surgery satisfying the 
hypothesis of Proposition [16.1] with respect to the given sequences and rj41, and let 
x eM have t(x) = T with T € [T;,T;41). Suppose that for some r > ri41 the 
parabolic neighborhood P(x,7r,T, —r?) exists in M and |Rm| < r~? on this neighbor- 
hood. Then there is an open subset U of t~'[T;-1,T) contained in the open subset 
of smooth manifold points of M with the following properties: 


(1) For every y in U there is a minimizing L-geodesic connecting x to y. 

(2) Up =UnNt-*(t) is non-empty for every t € [T;-1,T) 

(3) For each t € [Tj-1,T) the restriction of £L to U; achieves its minimum and 
that minimum is at most 3,/(T — t). 

(4) The subset of U consisting of all y with the property that L(y) < L(y’) 
for all y’ € t-'(t(y)) has the property that its intersection with t~‘(I) is 
compact for every compact interval I C [T;-1,T). 


The basic idea in proving this result is to show that all paths beginning at « and 
parameterized by backward time that come close to the exposed regions have large 
L£-length. If we can establish this, then the existence of such paths will not be an 
impediment to using the analytic estimates from Chapter [6] to show that for each 
t € [T;-1,T) there is a point whose £-length from x is at most 3/T — t, and that 
the set of points that minimize the £-length from x in a given time-slice form a 
compact set. 

Given Proposition [6.4] arguments from Chapter [8] will be applied to complete 
the proof of Proposition [16.1] 


4. Evolution of neighborhoods of surgery caps 


We begin this analysis required to prove Proposition by studying the evo- 
lution of surgery caps. Proposition [16.5] below is the main result along these lines. 
Qualitatively, it says that if the surgery control parameter 6 is sufficiently small, 
then as a surgery cap evolves in a Ricci flow with surgery it stays near the rescaled 
version of the standard flow for any rescaled time less than one unless the entire cap 
is removed (all at once) by some later surgery. In that case, the evolution of the cap 
is close to the rescaled version of the standard flow until it is removed. Using this 
result we will show that if a path parameterized by backward time has final point 
near a surgery cap and has initial point with scalar curvature not too large, then 
this path must enter this evolving neighborhood either from the ‘top’ or ‘size’ and 
because of the estimates that we derive in this chapter such a path must have large 
£-length. 


PROPOSITION 16.5. Given A < co, 0” > 0 and 0 < @ < 1, there is 05 = 
65(A, 6,6") (64 also depends on rizi, C, and €, which are all now fixed) such that 
the following holds. Suppose that (M,G) is a Ricci flow with surgery defined for 
0<t<T with surgery control parameter 6(t). Suppose that it satisfies the strong 
(C, €)-canonical neighborhood assumption at all points x with R(x) > oe Suppose 


also that (M,G) has curvature that is pinched toward positive. Suppose that there 
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is a surgery at some time t with T;_1 <#<T with h as the surgery scale parameter. 
Set T’ = min(T,t + Oh’). Let p © M; be the tip of the cap of a surgery disk. Then, 
provided that 0(t) < 6g one of the following holds: 

(a) There is an embedding p: B(p,t, Ah) x [#,T’) + M compatible with time 


NS 


and the vector field. Let g/(t), £<t <I", be the one-parameter family of 
metrics on B(p,t, Ah) given by p*G. Shifting this family by —t to make the 
initial time 0 and scaling it by (h)~? produces a family of metrics g(t), 0 < 
t < min((T — Dh”, 0), on Bg(p,0, A) that are within 6” in the Cl/5"- 
topology of the standard flow on the ball of radius A at time 0 centered at 
the tip of its cap. 

There ist, € (t,T") and an embedding B(p,t, Ah) x [f,t.) ~ M compatible 
with time and the vector field so that the previous item holds with t replac- 
ing T’. Furthermore, for any t < t, but sufficiently close to t, the image 
of B(p,t, Ah) x {t} is contained in the region D, C M;, that disappears at 
tame t+. 


See Fic. 


evolution close to standard solution 





surgery cap 


Ricci flow 
with surgery 


FIGURE 1. Evolution of a surgery cap. 


PRoor. The method of proof is to assume that the result is false and take a 
sequence of counterexamples with surgery control parameters 6,, tending to zero. In 
order to derive a contradiction we need to be able to take smooth limits of rescaled 
versions of these Ricci flows with surgery, where the base points are the tips of the 
surgery caps. This is somewhat delicate since the surgery cap is not the result of 
moving forward for a fixed amount of time under Ricci flow, and consequently Shi’s 
theorem does not apply. Fortunately, the metrics on the cap are bounded in the 
C'-topology so that Shi’s theorem with derivatives does apply. Let us start by 
examining limits of the sort we need to take. 


CLAIM 16.6. Let (N, gn) be a strong 6'-neck with No its middle half. Suppose that 
(S,g) is the result of doing surgery on (the central 2-sphere) of N, adding a surgery 
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cap C to N~. Leth be the scale of N. Let (So(N),g’) be the union of Nj UC with 
its induced metric as given in Section[Z] and let (So(N), go) be the result of rescaling 
go by h~?. Then for every £ < co there is a uniform bound to |V/Rm,g,(z)| for all 
LE So(N). 


PROOF. Since (N,gy) is a strong 6’-neck of scale h, there is a Ricci flow on 
N defined for backward time h?. After rescaling by h~? we have a flow defined 
for backward time 1. Furthermore, the curvature of the rescaled flow is bounded 
on the interval (—1,0]. Since the closure of No in N is compact, the restriction 
of h-2gy to No C N at time 0 is uniformly bounded in the C™-topology by Shi’s 
theorem (TheoremB.28). The bound on the k'”-derivatives of the curvature depends 
only on the curvature bound and hence can be taken to be independent of 6’ > 0 
sufficiently small and also independent of the strong 6’-neck N. Gluing in the cap 
with a C™-metric that converges smoothly to the standard initial metric go as 6’ 
tends to zero using a fixed C%-partition of unity produces a family of manifolds 
uniformly bounded in the C™-topology. O 





This leads immediately to: 


COROLLARY 16.7. Given a sequence of 6;, — 0 and strong 5,,-necks (N(n), 9n(n)) 
of scales h, and results of surgery (So(N(n)), g(n)) with tips py as in the previous 
claim, then after passing to a subsequence there is a smooth limit (Soo, Joo, Poo) of a 
subsequence of the (So(N(n)),h,2g0(n)), Pn). This limit is the metric from Section{] 
that gives the standard initial conditions for a surgery cap. 


PROOF. That there is a smooth limit of a subsequence is immediate from the 
previous claim. Since the 6, tend to zero, it is clear that the limiting metric is the 
standard initial metric. O 





LEMMA 16.8. Suppose that we have a sequence of 3-dimensional Ricci flows with 
surgeries (Mx,G,) that satisfy the strong (C,«€)-canonical neighborhood assumption 
with parameter rj41, and have curvature pinched toward positive. Suppose that there 
are surgeries in M,, at times tn with surgery control parameters 6), and scales hy. 
Let py be the tip of a surgery cap for the surgery at time tn. Also suppose that 
there is 0 < @, < 1 such that for every A < ov, for all n sufficiently large there 
are embeddings B(pa,tn, Ahn) X [tn tn +h29n) + My compatible with time and the 
vector field. Suppose that 6}, + 0 and 0, ~0<1asn— oo. Let (M),,G',, pn) be 
the Ricci flow with surgery obtained by shifting time by —ty so that surgery occurs 
at t = 0 and rescaling by h;,? so that the scale of the surgery becomes one. Then, 
after passing to a subsequence, the sequence converges smoothly to a limiting flow 
(Moo; Joo(t), (Poo, 9)), O< t <0. This limiting flow is isomorphic to the restriction 
of the standard flow to time0 <t<@. 


PROOF. Let Q < oo be an upper bound for the scalar curvature of the standard 
flow on the time interval [0,0). Since 6), — 0, according to the previous corollary, 
there is a smooth limit at time 0 for a subsequence, and this limit is the standard 
initial metric. Suppose that, for some 0 < 0’ < @, we have established that there 
is a smooth limiting flow on [0,0"]. Since the initial conditions are the standard 
solution, it follows from the uniqueness statement in Theorem that in fact 
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the limiting flow is isomorphic to the restriction of the standard flow to this time 
interval. Then the scalar curvature of the limiting flow is bounded by Q. Hence, 
for any A < o, for all n sufficiently large, the scalar curvature of the restriction 
of Gi, to the image of Ba (pn,0,2A) x [0,0’] is bounded by 2Q. According to 
Lemma [11.2] there is an 7 > 0 and a constant Q! < oo, each depending only on 
Q, Tigi, C and e, such that for all n sufficiently large, the scalar curvature of the 
restriction of Gi, to Bg, (pn,0,A) x [0, min(6’ + 7, 9n)) is bounded by Q’. Because 
of the fact that the curvature is pinched toward positive, this implies that on the 
same set the sectional curvatures are uniformly bounded. Hence, by Shi’s theorem 
with derivatives (Theorem [3.29), it follows that there are uniform bounds for the 
curvature in the C™-topology. Thus, passing to a subsequence we can extend the 
smooth limit to the time interval [0, 0’ + 7/2] unless 0’ + 7/2 > 6. Since 7 depends 
on 6 (through Q), but is independent of 6’, we can repeat this process extending the 
time-interval of definition of the limiting flow by 7/2 until 6’+7/2 > 6. Now suppose 
that 0’+7/2 > 6. Then the argument shows that by passing to a subsequence we can 
extend the limit to any compact subinterval of [0,0). Taking a diagonal sequence 
allows us to extend it to all of [0,0). By the uniqueness of the standard flow, this 
limit is the standard flow. O 





COROLLARY 16.9. With the notation and assumptions of the previous lemma, for 
all A < co, and any 6” > 0, then for all n sufficiently large, the restriction of Gi, to 
the image Ber (pn, 0, A) x [0, On) is within 6” in the Cl/°"l_topology of the restriction 
of the standard solution to the ball of radius A about the tip for time 0 <t < On. 


Proor. Let 7 > 0 depending on @ (though Q) as well as rj41, C and € be as 
in the proof of the previous lemma, and take 0 < 7 < 7. For all n sufficiently 
large 0, > 6—7', and consequently for all n sufficiently large there is an embedding 
Ba, (Pn tn; Ahn) x [tns tn + h2(0 — 7)] into M, compatible with time and with 
the vector field. For all n sufficiently large, we consider the restriction of G/, to 
Bo (pn, 0, A) x [0,9—7']. These converge smoothly to the restriction of the standard 
flow to the ball of radius A on the time interval {0,6 —1']. In particular, for all n 
sufficiently large, the restrictions to these time intervals are within 6” in the Cl!/é"l- 
topology of the standard flow. Also, for all n sufficiently large, 6, — (9 — 7) < . 
Thus, by Lemma|[I1.2] we see that the scalar curvature of Gf, is uniformly bounded 
(independent of n) on Bg: (pn, 0, A) x [0, On). By the assumption that the curvature 
is pinched toward positive, this means that the sectional curvatures of the G/, are 
also uniformly bounded on these sets, and hence so are the Ricci curvatures. (Notice 
that these bounds are independent of 7 > 0.) By Shi’s theorem with derivatives 
(Theorem [3.29), we see that there are uniform bounds on the curvatures in the 
C’™-topology on these subsets, and hence bounds in the C’°-topology on the Ricci 
curvature. These bounds are independent of both n and 7’. Thus, choosing 1/ 
sufficiently close to zero, so that 6, — 7 is also close to 6 for all n sufficiently 
large, we see that for all such large n and all t € [6 — 7, @), the restriction of G/, to 
Bo: (pn, 0, A) x {t} is arbitrarily close in the Cl!/>"l_topology to G!,(@—1’). The same 
is of course true of the standard flow. This completes the proof of the corollary. UO 
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Now we turn to the proof proper of Proposition We fix A < oo, 6” > 0 
and 6 < 1. We are free to make A larger so we can assume by Proposition [12.7] 
that for the standard flow the restriction of the flow to B(po,0, A) \ B(po,0, A/2) 
remains close to a standard evolving S? x [A/2, A] for time [0,6]. Let K < oo bea 
constant with the property that R(«,t) < K for all x € B(po,0, A) in the standard 
flow and all ¢ € [0,6]. If there is no 6 > 0 as required, then we can find a sequence 
6), > 0 as n > o and Ricci flows with surgery (M,,,G,,) with surgeries at time 
t, with surgery control parameter 6,(t,) < 6/, and surgery scale parameter hy, = 
h(ri+16n(tn), On(tr)) satisfying the hypothesis of the lemma but not the conclusion. 
Let 7’ be the final time of (Mn,G,). Let 0, < @ be maximal subject to the 
condition that there is an embedding py: Bg,,(x,tn, Ahn) X [tnstn + h29n) — Mn 
compatible with time and the vector field. Let G', be the result of shifting the time 
by —ty and scaling the result by h,?. According to Lemma[I6.9} for all n sufficiently 
large, the restriction of G’, to the image of p, is within 5” in the C!/*")-topology 
of the standard flow restricted to the ball of radius A about the tip of the standard 
solution on the time interval [0,0,). If 0, = min(@,(T’ — tn)/h2), then the first 
conclusion of Proposition [16.5] holds for (M,,,G,) for all n sufficiently large which 
contradicts our assumption that the conclusion of this proposition holds for none 
of the (Mn,G,). If on the other hand 0, < min(6,(T’ — tn)/h2), we need only 
show that all of B(an,tn, Ahn) disappears at time t, + h26, in order to show that 
the second conclusion of Proposition [16.5] holds provided that n is sufficiently large. 
Again this would contradict the fact that the conclusion of this proposition holds 
for none of the (M,,, Gp). 

So now let us suppose that 6, < min(0, (T/, — t,)/h2). Since there is no further 
extension in forward time for B(pn,tn, Ahn), it must be the case that ty + h?6, is 
a surgery time and there is some flow line starting at a point of B(py,tn, Ah,) that 
does not continue to time t,,+ ae It remains to show that in this case that for any 
t <t,+h?6,, sufficiently close to tr +h26, we have py (Bo, (2, tn, Ahn) x {t}) C Dy, 
the region in M; that disappears at time t, + h20n. 


CLAIM 16.10. Suppose that 0, < min(0,(T’ — tn)/h?2). Let O1,...,U, be the 
2-spheres along which we do surgery at time tn + h20,. Then for any t < tn +h2On 
sufficiently close to ty +h20,, the following holds provided that 6!, is sufficiently small. 
The image 

Pn (Bon (2, tn, An) x {t}) 
is disjoint from the images {%;(t)} of the {;} under the backward flow to time t of 
the spheres ©; along which we do surgery at time tn + h26n. 


PROOF. There is a constant K’ < oo depending on @ such that for the standard 
flow we have R(x,t) < K’ for all « € B(po,0, A) and all t € [0,6) for the standard 
solution. Consider the embedding p,, (B (Pn; tn, Ahn) X [try tn + 20) After time 
shifting by —t,, and rescaling by h>?, the flow G!, on the image of p, is within 5” of 
the standard flow. Thus, we see that for all n sufficiently large and for every point 
a in the image of p, we have Rg (x) < 2K’ and hence Rg,,(x) < 2K'h;?. 

Let hi, be the scale of the surgery at time t, + ee (Recall that hy, is the scale 
of the surgery at time t,.) Suppose that pp(B(pn,tn, Ahn) x {t’}) meets one of the 
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surgery 2-spheres ¥;(t’) at time t/ at a point y(t’). Then, for all t € [#’, tn + h2n) 
we have the image y(t) of y(t’) under the flow. All these points y(t) are points of 
intersection of pp(B(p,tn, Ahn) x {t}) with ,(t). Since y(t) € pn(B(p,tn, Ahn) x 
{t}), we have R(y(t)) < 2K'h,?. On the other hand R(y(t))(hi,)? is within O(6) of 
1 as t tends to t, +h26,. This means that h,/h!, < V3K’ for all n sufficiently large. 
Since the standard solution has non-negative curvature, the metric is a decreasing 
function of t, and hence the diameter of B(po,t, A) is at most 2A in the standard 
solution. Using Corollary [16.9] we see that for all n sufficiently large, the diameter 
of pn (B(p,tn, Ahn) x {t}) is at most Ah, < 4VK’Ah!,. This means that for 6/, 
sufficiently small the distance at time t from %;(t) to the complement of the t time- 
slice of the strong d5n(tn + h26,)-neck N;(t) centered at ,(t) (which is at least 
(5/,)~ th! /2) is much larger than the diameter of 


Pn(B(pn; tn, Ahn) x {t}). 


Consequently, for all n sufficiently large, the image pp(B(pn,tn, Ahn) x {t}) is con- 
tained in N;(t). But by our choice of A, and Corollary [16.9] there is an e-neck of 
rescaled diameter approximately Ah,,/2 contained in pp(B(pn,tn, Ahn) x {t}). By 
Corollary [19.3] the spheres coming from the neck structure in 


Pn(B(pn, tn, Ahn) x {t}) 


are isotopic in N;,(t) to the central 2-sphere of this neck. This is a contradiction 
because in N;(t) the central 2-sphere is homotopically non-trivial whereas the spheres 
in pn(B(pn,tn, Ahn) x {t}) clearly bound 3-disks. O 





Since pn (B(pn,tn, Ahn) x {t}) is disjoint from the backward flow to time t of all 
the surgery 2-spheres );(t) and since pp(B(pn, tn, Ahn) x {t}) is connected, if there is 
a flow line starting at some point z € B(p,tn, Ahn) that disappears at time tn +h?6n, 
then the flow from every point of B(p,tn, Ahn) disappears at time tp, + h20n. This 
shows that if 0, < min(0,7” — t,/h2), and if there is no extension of pp, to an 
embedding defined at time t, +h20n, then all forward flow lines beginning at points 
of B(p,tn, Ahn) disappear at time t, + h26,, which of course means that for all 
t <tn +h?6,, sufficiently close to tn + h26, the entire image p,(B(p, tn, Ahn) x {t}) 
is contained in the disappearing region D;. This shows that for all n sufficiently 
large, the second conclusion of Proposition [16.5] holds, giving a contradiction. 

This completes the proof of Proposition [16.5] O 





REMARK 16.11. Notice that it is indeed possible that Bg(x,t, Ah) is removed at 
some later time, for example as part of a capped e-horn associated to some later 
surgery. 


5. A length estimate 


We use the result in the previous section about the evolution of surgery caps to 
establish the length estimate on paths parameterized by backward time approaching 
a surgery cap from above. 
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DEFINITION 16.12. Let c > 0 be the constant from Proposition (12.31) Fix 0 < 


do < 1/4 such that if g is within 59 of go in the Cl/*l-topology then |Ry (a) — 
Rg (x)| < c/2 and |Ricg — Ric,,| < 1/4. 


Here is the length estimate. 


PROPOSITION 16.13. For any £ < oo there is Ag = Ao(l) < oc, 0 < 0) = 
Ao(@) < 1, and for any A > Ao for the constant 6” = 5"(A) = 6§(A, 40,40) > 0 
from Proposition [16.4] the following holds. Suppose that (M,G) is a Ricci flow with 
surgery defined for0 <t < T < cw. Suppose that it satisfies the strong (C,€)- 
canonical neighborhood assumption at all points x with R(x) > ree Suppose also 
that the solution has curvature pinched toward positive. Suppose that there is a 
surgery at some time t with T;_1 <t<T with o(€) as the surgery control parameter 
and with h as the surgery scale parameter. Then the following holds provided that 
d(t) < 6”. Set T’ = min(T,t+ h709). Let p € Mz be the tip of the cap of a surgery 
disk at time t. Suppose that P(p,t, Ah,T’ —t) exists in M. Suppose that we have 
tv € [f,f+ h?/2] with t’ < T’, and suppose that we have a curve y(t) parameterized 
by backward time r € [0,T’—t’] so that y(7) € Mr:_, for allt € [0,T’ —t’]. Suppose 
that the image of y is contained in the closure of P(p,t, Ah,T’ —t) C M. Suppose 
further: 

(1) either that T’ =%+ Oh? < T or that y(0) C OB(p,t, Ah) x {T’}; and 

(2) ¥(T’ —t’') € B(p,t, Ah/2) x t’. 
Then 


T!-t! 
i (R(y(t)) + |X4()/2) at > 2. 
See Fic. 
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close to standard 
flow 


] Ricci flow — surgery cap 


with surgery 
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FIGURE 2. Paths in evolving surgery caps are long. 
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PrRooF. The logic of the proof is as follows. We fix 0 < oo. We shall determine 
the relevant value of 0) and then of Ag in the course of the argument. Then for any 
A> Apo we define 5”(A) = 64(A, 40, 50), as in Proposition [16.5] 

The integral expression is invariant under time translation and also under rescal- 
ing. Thus, we can (and do) assume that ¢ = 0 and that the scale h of the surgery is 
1. We use the embedding of P(p,0, A,T’) + M and write the restriction of the flow 
to this subset as a one-parameter family of metrics g(t), 0 <t <7", on B(p,0, A). 
With this renormalization, 0 < t’ < 1/2, also T’ < 0, and rt = T’ —t. 

Let us first consider the case when T” = 6) < T. Consider the standard flow 
(R3, go(t)), and let po be its tip. According to Proposition for all « € R® 
and all t € [0,1) we have R,,(z,t) > c/(1—t). By Lemma and since we are 
assuming that d(¢) < 6” = 6¥(A, 00,60), we have that R(a,t) > c/2(1 — t) for all 
a € B(p,0, A) and all t € [0,6]. Thus, we have 


Oo —t! % 
[ @om-+mpya > faa 


= > (log(1 — 9) — log(1 — t’)) dt 


IV 


> (log(1 — 09) + log(2)). 


Hence, if 09 < 1 sufficiently close to 1, the integral will be > @. This fixes the value 
of Oo. 


CLAIM 16.14. There is Ay < co with the property that for any A > Ao the 
restriction of the standard solution go(t) to (B(po,0, A) \ B(po,0, A/2)) x [0,0] is 
close to an evolving family (S? x [A/2, A], ho(t) x ds”). In particular, for any t € 
(0, 49], the go-distance at time t from B(po,0, A/2) to the complement of B(po,0, A) 
in the standard solution is more than A/4. 





PrRooF. This is immediate from Proposition [12.7] and the fact that 09 <1. O 


Now fix Ap = max(Aj, 10V@) and let A> Ao. 

Since 69 < 1/4 and since T’ < 6p, for 5(¢) < 6f(A, 0, 50) by Proposition [16.5] the 
g(T’)-distance between B(p,0, A/2) and OB(p,0, A) is at least A/5. 

Since the flow on B(p,0, A) x [0, T’] is within do of the standard solution, and since 
the curvature of the standard solution is non-negative, for any horizontal tangent 
vector X at any point of B(p,0, A) x [0,7”] we have that 


. 1 1 
Ricg(X,X) > —7|Xgq 2 —5IXTG: 


and hence d 
qlAls = |<i. 
Because T’ < 1, we see that 
Bdbcg eee XP < 3X Fa) 
for any t € [0,7”]. 


Now suppose that 7(0) € OB(p,0, A) x {T’}. Since the image of 7 is contained 
in the closure of P(p,0,A,T’) for every 7 € [0,7"] we have V3|X¥(r)|gcrv—1) > 
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|X.(7)|gcr7)- Since the flow g(t) on P(p,0, A, 7”) is within do in the Cl1/%ol_topology 
of the standard flow on the corresponding parabolic neighborhood, R(y(t)) > 0 for 
all t € [0,7”]. Thus, because of these two estimates we have 


T'-t’ T'-t’ 
(61) fh (RO) +P) A> fF erner 


Since 7(0) € OB(p,0, A) x {T’} and 7(7”) € B(p,0, A/2), it follows from Cauchy- 


Schwarz that 
fe nd 2 
[i lacener 


A2 
(dgcry(B(p, 0, A/2), 9B(p, 0, A)))” > _ 


Since T’ — t’ < 1, it immediately follows from this and Equation (16.1) that 


IV 


Tp! 
(1 — + / IX (7) 2opn dr 


IV 


T'-t! A2 
[ ROM) +H MP) are =. 
0 


Since A > Ap > 10/2, this expression is > @. This completes the proof of Proposi- 
tion 16.13 | 





5.1. Paths with short £,-length avoid the surgery caps. Here we show 
that a path parameterized by backward time that ends in a surgery cap (or comes 
close to it) must have long £-length. Let (M,G) be a Ricci flow with surgery, and 
let c € M be a point with t(z) = T € (7j,Ti+41]. We suppose that these data 
satisfy the hypothesis of Proposition [16.4] with respect to the given sequences and 
r > ris1 > 0. In particular, the parabolic neighborhood P(zx,T,r,—r) exists in M 
and |Rm| is bounded on this parabolic neighborhood by r~?. 

Actually, here we do not work directly with the length function £ defined from 
x, but rather with a closely related function. We set R,(y) = max(R(y), 0). 


LEMMA 16.15. Given Lo < 00, there is 6; = 61(Lo,ri+1) > 0, independent of 
(M,G) and x, such that if 0(t) < 61 for all t € [Zj-1,T), then for any curve 
y(T), O0< T< 1, with | < T—Ti_1, parameterized by backward time with y(0) = x 
and with 

TO 
Loa) = f° VF (Relo(r)) + SP) dr < Lo 


the following two statements hold: 
(2) Set 
red 3/5), 2 
/ * V 
T =min (arate . 
Then for all tT < min(r',7) we have y(r) € P(x,T,r/2,—r?). 
(2) Suppose that t € [I’— 70,T) is a surgery time with p being the tip of the 
surgery cap at time t and with the scale of the surgery being h. Suppose 
te EE +h /2] is such that there is an embedding 


p: B(p,t, (50 + Ao)h) x [f, 1] — M 
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compatible with time and the vector field. Then the image of p is disjoint 
from the image of y. See Fic. [3 


REMARK 16.16. Recall that (Ag+4)h is the radius of the surgery cap (measured in 
the rescaled version of the standard initial metric) that is glued in when performing 
surgery with scale h. 





B(p,E, (50 + Ag)h) 


FIGURE 3. Avoiding neighborhoods of surgery caps 


Proor. We define @ = Lo/V7’, then define A = max(Ao(é),2(50 + Ag)) and 
6 = 00(£). Here, Ao(¢) and 49(¢) are the constants in Proposition [16.13] Lastly, we 
require 5, < 6”(A) from Proposition [16.13] Notice that, by construction, 5”(A) = 
64(A, 0,60) from Proposition [16.5] Thus, if p is the tip of a surgery cap at time ft 
with the scale of the surgery being h, then it follows that for any At < 0, if there is 
an embedding 

p: B(p,f, Ah) x [,E +h At) > M 

compatible with time and the vector field, then the induced flow (after time shifting 
by —# and scaling by (h)~? is within 69 in the C [1/90l_topology of the standard solu- 
tion. In particular, the scalar curvature at any point of the image of p is positive and 
is within a multiplicative factor of two of the scalar curvature at the corresponding 
point of the standard flow. 

Recall that we have r > rj41 and that P(x,T,r,—r?) exists in M and that |Rm| < 
r—? on this parabolic neighborhood. We begin by proving by contradiction that there 
is no T < 7’ with the property that y(r) ¢ P(x,T,r/2, —r?). Suppose there is such a 
tT <7’. Notice that by construction 7’ < r?,, < r?. Hence, for the first 7” with the 
property that y(7"”) ¢ P(z,T,r/2,—r?) the point y(r") € OB(z,T,r/2) x {T —7"}. 


Cia 16.17. {o |X,(r)|dr > r/2V2. 
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PrRooF. Since |Rm| < r~? on P(x, T, 7, —r”), we have |Ric| < 2r~? on P(x, T,r, —1” 


Thus, for any tangent vector v at a point of B(z,T,r) we have 


| d((v, v)q(r—r)) 


ae | < 2r~?(v, v) ecr—z) 


for all r € [0,7]. Integrating gives that for any tT < 7” we have 
exp(—2r-71"")(v, v) Ger) S (ve) e(r_r) S exp(2r- 77") (0, v Gcr)- 
Since 7” < 7’ and r > rj41 by the assumption on 7’ we have 
exp(2r-?7") < exp(2V/2) < 2 


This implies that for all tT < 7” we have 


1 
Falta Mem <|X,(Tlqr_r) < VIXer), 


and hence 


” 


[i (ler> 3 tf at Nar) = = 


where we use the fact that dr(y(0),y(7")) = r/2. O 








Applying Cauchy-Schwarz to r!/4|X.,| and 7~!/4 on the interval [0,7] yields 


MW 


[ vom +x ore > fo vax @Par 
0 0 

" 2 
(0 |Xx(r)ldr) 


i qr 


2 


16V7" — a 


Of course, the integral from 0 to 7” is less than or equal the entire integral from 0 to To 
since the integrand is non-negative, contradicting the assumption that £L4(y) < Lo. 
This completes the proof of the first numbered statement. 

We turn now to the second statement. We impose a further condition on }y. 
Namely, require that b < ri4i1/2. Since r; < ro < € < 1, we have Oars <a eee 
Thus, the scale of the surgery, h, which is < ori by definition, will also be less 
than r;;1/2, and hence there is no point of P(x,T,r,—r?) (where the curvature is 
bounded by r~? < r; oo) in the image of p (where the scalar curvature is greater 
than (h see ee Or) Thus, if tr’ > 7) we have completed the proof. Suppose 
that 7’ < 7. It suffices to establish that for every 7 € [7’,70] the point (71) is 
not contained in the image of p for any surgery cap and any ?’ as in the statement. 
Suppose that in fact there is 7 € [r’,79] with y(7) contained in the image of 
p(B(p, t, (Ao +50)h) x [é, t’]) where # < t/ < #+ (h)?/2 and where p is the tip of some 
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surgery cap at time f. We estimate 


| ” VF (Ra (oa) + |Xq(7)P) ar 


> PVF (Re((7)) + 1X4?) ar 
(16.2) > vif (Rel) + XP) dr. 


Let At < T—t be the supremum of the set of s for which there is a parabolic neigh- 
borhood P(p,#, Ah, s) embedded in t~1((—00, T]) C M. Let At; = min(0h_, At). 
We consider P(p,?, Ah, At,). First, notice that since h < ori < ri41/2, the scalar 
curvature on P(p,?, Ah, At,) is larger than (h)~?/2 > ie > r-2. In partic- 
ular, the parabolic neighborhood P(z,T,r,—r7) is disjoint from P(p,t, Ah, Aty). 
This means that there is some 7” > 7’ such that y(7”) € OP(p,t, Ah, At,) and 
VW) C P(p,t, Ah, At;). There are two cases to consider. The first is when 
Ait = oh, 7” =T—(€+ At) and y(7”) € B(p,t, Ah) x {£+ At,}. Then, according 
to Proposition [16.13] 


(16.3) / ' ROS 


Now let us consider the other case. If At, < On, this means that either ¢+ At; = 
T or, according to Proposition [16.5] at the time ~ + At, there is a surgery that 
removes all of B(p,#, Ah). Hence, under either possibility it must be the case that 
y(t”) € OB(p,t, Ah) x {T — 7}. Thus, the remaining case to consider is when, 
whatever At; is, y(7”) C OB(p,t, Ah) x {T — 7}. Lemma [16.13] and the fact that 
R>0on P(p,t, Ah, At,) imply that 


71 


e< [ (ROO) + OP) ar = [ (Re) +P) ar 


Since = Lo/V7' and r” > 7’, it follows from Equation (16.2) that in both cases 
T1 
Lal fo Vt (Relo(a)) + IXa(r)P) dr > V7 = Lo, 


which contradicts our hypothesis. This completes the proof of Lemma[16.15 O 





5.2. Paths with small energy avoid the disappearing regions. At this 
point we have shown that paths of small energy do not approach the surgery caps 
from above. We also need to rule out that they can be arbitrarily close from below. 
That is to say, we need to see that paths whose £-length is not too large avoid 
neighborhoods of the disappearing regions at all times just before the surgery time 
at which they disappear. Unlike the previous estimates which were universal for all 
(M,G) satisfying the hypothesis of Proposition [16.4] in this case the estimates will 
depend on the Ricci flow with surgery. First, let us fix some notation. 


DEFINITION 16.18. Suppose that ¢ is a surgery time, that 7; > 0, and that there 
are no other surgery times in the interval (f— 71, ¢]. Let {5;(£)}; be the 2-spheres on 
which we do surgery at time f. Each ©; is the central 2-sphere of a strong 6-neck Nj. 
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We can flow the cylinders Jo(t) = Ujsy, (—25, 0]) backward to any time t € (€—74, #]. 
Let Jo(t) be the result. There is an induced function, denoted []; sx,(t), on Jo(t). 
It takes values in (—25,0]. We denote the boundary of Jo(t) by [],; Ui(t). Of course, 
this boundary is the result of flowing |], ;(¢) backward to time t. (These backward 
flows are possible since there are no surgery times in ({—7,¢).) For each t € [t—71, f) 
we also have the disappearing region D;: — the region that disappears at time f. It 
is an open submanifold whose boundary is |], 4;(t). Thus, for every t € (¢ — 71,1) 
the subset J(t) = Jo(t) U Dy is an open subset of M;. We define 


J(E— 71,8) = Upeg_n pI). 
Then J(¢— 7 ,¢) is an open subset of M. See Fic. [4] 





J) 


disappearing region 


FIGURE 4. Paths of short length avoid disappearing regions. 


LEMMA 16.19. Fix a Ricci flow with surgery (M,G), a point x € M and constants 
r > riz1 > 0 as in the statement of Proposition [16.4, For any 1 < € < oo the 
following holds. Suppose that t € [T;-1,T) is a surgery time and that y(r) is a path 
with y(T) € Mg_,. Let {pi,..., pp} be the tips of all the surgery caps at time t and 
let h be the scale of surgery at time t. Suppose that for some 0 < | < (1h? there 
are no surgery times in the interval (t — 71,t). We identify all M; for t € [t — 70,t) 


with Mz_,, using the flow. Suppose that y(0) € My; \ U_,B(pi,t, (50 + Ao)h), and 


lastly, suppose that 
T1 
i IX,(r)Pdr < ¢. 
0 
Then y is disjoint from the open subset J(t — 71, t)) of M. 


PROOF. Suppose that the lemma is false and let y: [0,7] ~ M bea path satis- 
fying the hypothesis of the lemma with 7(7) € J(t—7,#). Since 


(0) € Mz \ U;B(pi,t, (50 + Ao)h), 


if follows that y(0) is separated from the boundary of Sy (—25,0] by distance at 
least 20h. Since the Jo(t) are contained in the disjoint union of strong 6-necks N; 
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centered at the 2-spheres along which we do surgery, and since 7] < h os Rh’, 
it follows that, provided that 6 is sufficiently small, for every t € [f — 74,f), the 
metric on Jo(t) is at least 1/2 the metric on Jo(f). It follows that, for 6 sufficiently 
small, if there is a 7 € [0,71] with 7(7) € J(t) then fj'|X,|dr > 10h. Applying 
Cauchy-Schwarz we see that 


a |X4(r)[?dr > (10h)?/71. 


Since 7, < (~!(h)?, we see that 


[ ixePar > 
0 


contradicting our hypothesis. O 





5.3. Limits of a sequence of paths with short C-length. Now using Lem- 
mas [16.15] and [16.19] we show that it is possible to take limits of certain types of se- 
quences of paths parameterized by backward time to create minimizing £-geodesics. 

We shall work with a compact subset of t~!([T;_1, T]) that is obtained by remov- 
ing appropriate open neighborhoods of the exposed regions. 


DEFINITION 16.20. Fix € < oo. Let 0) = 00() be as in Proposition For 
each surgery time t € [J;_1,T], let h(€) be the scale of the surgery. Let p1,..., px 
be the tips of the surgery caps at time t. For each 1 < j < k, we consider B;(t) = 
B(p;,#, (Ao + 10)A(E)), and we let At; < min(0, (T — #)/h?(€)) be maximal subject 
to the condition that there is an embedding p;: B;(t) x [f,f + h?(€)At;) into M 
compatible with time and the vector field. Clearly, Bi = B(p;,t,(10 + Ao)h) NC; 
is contained in J(). Let # be the previous surgery time if there is one, otherwise 


set # = 0. Also for each # we set 7(¢,f) = min (n@?/e,7-7). For each t € 
(£ — 71(£,8),8) let J(t) C J(t) be the union of D;, the disappearing region at time 
t, and [, Bi(t), the result of flowing [], Bi backward to time t. Then we set J(t — 
71(0,t),t) Cc J(t — 71 (2, €), £) equal to the union over t € (¢ — 7, (@,),#) of J(t). 
By construction, for each surgery time f¢, the union 
Vsing(€, 2) = F(E— 71(6,2), 8) UU;B; x [EE + h?(O)Ati) 

is an open subset of M containing all the exposed regions and singular points at 
time f. 

We define Y(£) c t~1([Zj_1,T]) to be the complement of the U;vsing(¢,£) where 
the union is over all surgery times ¢ € [Z;_-1,7]. Clearly, Y(¢) is a closed subset of 
t~!([T;-1,T]) and hence Y(@) is a compact subset contained in the open subset of 
smooth points of M. (Notice that Y(¢) depends on ¢ because 71 (¢,¢) and 69 depend 
on £.) 


PROPOSITION 16.21. Fir0< L <oo. Set 
Ly = Lb + A(Tig1)9?. 


Suppose that for allt € [T;-1, Ti41], the surgery control parameter 6(t) < 61(Lo, ri+1) 
where the right-hand side is the constant from Lemma[i6.15| Suppose that yn is a 
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sequence of paths in (M,G) parameterized by backward time t € [0,7] with T < 
T — Tj-1, with y,(0) =x and with 


L(Yn) <L 


for alln. Then: 


(1) After passing to a subsequence, there is a limit y defined on [0,7]. The 
limit 7 is a continuous path and is a uniform limit of the y,. The limit is 
contained in the open subset of smooth points of M and has finite L-length 
satisfying 


Ley) s Unni, saa, ). 


(2) If there is a point y © Mrp_z such that y,(T) = y for all n, and if the yn 
are a sequence of paths parameterized by backward time from x to y with 
limn—oLl(Yn) being no greater than the L-length of any path from «x to y, 
then the limit y of a subsequence is a minimizing L-geodesic connecting x 
to y contained in the open subset of smooth points of M. 

(3) There is £ < oo depending only on L such that any path y parameterized 
by backward time from x to a point y € t+([T;-1,T)) whose L-length is 
at most L is contained in the compact subset Y(@) given in the previous 
definition. 


PROOF. Given Lg, we set 


4 
Po ons Tiga 3/5\_2 
T =min (cate in( 372) 


as in Lemma and then define = Lo/V7'. We also let A = min(2(50 + 
Ao), Ao(£)) and 0) = O9(2) as in Proposition [6.13] Lastly, we let 61(Lo,ris1) = 
6"(A) = 6"(A, 09,59) from Propositions and [16.51 We suppose that 6(t) < 
61 (Lo, ri41) for allt € (4521. 

Let t € [T;_1,T] be a surgery time, and let h be the scale of the surgery at this 
time. For each surgery cap C with tip p at a time ft € [T7;_1,T] let At(C) be the 
supremum of those s with O<s< Ooh” for which there is an embedding 


pc: B(p,t,2(Ao + 50)h) x ff, +s) — M 
compatible with time and the vector field. We set 


PC) = pe (B0r.7, (A+ 50)h) x [E+ min(h’/2, Az(C)))) 


CLAIM 16.22. Any path y beginning at x and parameterized by backward time 
misses Po(C) if L(y) < L. 
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PROOF. Set 7 = T—t. Of course, tT < T —T;_, < Tj4, — T;_1. Consider the 
restriction of 7 to [0,79]. We have 


/ "VF (Bain (7) + [Xan (7/2) dr 


T-Ti-1 
< | VF (R4(n(7)) +1 Xq (I?) ar 
TT, Bie eee 
< fA (Reale) +1X (Part [ ovFar 
0 0 
T—T;_1 
= [Ve (nC) + a(R) adr + aC = 1)" 
< 


TO 
[PF Ronle)) +X pu(IP) dr + Tia)? 
Thus, the hypothesis that L(y) < L implies that 
TO 
(16.4) [VF (Reon) + IX (BP) a < Lo 


The claim now follows immediately from Lemma[I6.15 O 





Now set t/ equal to the last surgery time before ¢ or set t/ = 0 if & is the first 
surgery time. We set 7,(¢) equal to the minimum of ¢ — t’ and h je. 

Assume that (0) = x and that L(y) < L. It follows from Lemma [I6.15]that the 
restriction of the path y to {0,7’] lies in a region where the Riemann curvature is 
bounded above by r~? < aa Hence, since h < b(t)? ri4 < rizi, this part of the 
path is disjoint from all strong d-necks (evolving backward for rescaled time (—1,0]). 
That is to say, 7|jo,77] is disjoint from Jo(t) for every t € (f—7,(¢),t) for any surgery 
time ¢ < T. It follows immediately that 7|jo,-7 is disjoint from J(f — 7(#), f). 


CLAIM 16.23. For every surgery time t € [T;_1,T], the path y starting at x with 
L(y) < L is disjoint from J(t,t — 71 ()). 


ProoF. By the remarks above, it suffices to consider surgery times tf < T — 7’. 
It follows immediately from the previous claim that for any surgery time ¢, with the 
scale of the surgery being h and with p being the tip of a surgery cap at this time, 


we have 7¥ is disjoint from B(p,t,(50 + Ao)h). Also, 


T-t+71(t) 
fo Vax (r)Par < £4(0) < Lo. 


Tt 


Since we can assume T'— # > 7’ this implies that 


T-t—71(é) 
7, |X,(7) 2dr < Lo/V7! = 8. 


T-t 
The claim is now immediate from Lemma[16.19 O 





From these two claims we see immediately that y is contained in the compact 
subset Y() which is contained in the open subset of smooth points of M. This 
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proves the third item in the statement of the proposition. Now let us turn to the 
limit statements. 

Take a sequence of paths y, as in the statement of Proposition By 
Lemma [16.15] the restriction of each 7, to the interval [0, min(7,7’)] is contained in 
P(«,T,r/2,—r?). The arguments in the proof of Lemmal[Z.2] (which involve changing 
variables to s = ,/7) show that, after passing to a subsequence, the restrictions of 
the 7, to [0, min(7, r’)] converge uniformly to a path 7 defined on the same interval. 
Furthermore, 


min(7,7’) 


min(7,7’) 
| V7|X4(r)|?dr < liming so f V7|X4,(7)|?dr, 
0 0 


so that 


min(7,7’) 
(16.5) i Vi (R(t) + |X4(7)2) dr < 


min(7,7T’) 
liminty oo f VT (R(Yn(T)) + |X (7?) ar. 


If 7 < 7’, then we have established the existence of a limit as required. Suppose 
now that T > 7’. We turn our attention to the paths Yp|j,,74. Let Ti. <t < T—r' 
be either a surgery time or T’—7’, and let t/ be the maximum of the last surgery time 
before ¢ and T;_;. We consider the restriction of the y, to the interval [T —7,T —t’]. 
As we have seen, these restrictions are disjoint from J(t—7,(¢),¢) and also from the 
exposed region at time ¢, which is denoted E(t), and from Jo(t). Let 


Yee re.ro7)\ (JE — 7 (t),f) U (E(€) U Jo(€))) : 
This is a compact subset with the property that any point y € Y is connected by a 
backward flow line lying entirely in Y to a point y(t’) contained in My. 
Since Y is compact there is a finite upper bound on the Ricci curvature on Y, 
and hence to £,(G) at any point of Y. Since all backward flow lines from points of 
Y extend all the way to M,,, it follows that there is a constant C’ such that 


Xan (Tlaw) < Cl Xin Tlaw) 


for all t € [t’,¢]. Our hypothesis that the £(y,) are uniformly bounded, the fact that 
the curvature is pinched toward positive and the fact that there is a uniform bound 
on the lengths of the 7-intervals implies that the 


T-t' 
V7|X4, (7) Par 
7 


are uniformly bounded. Because T — # is at least 7’ > 0, it follows that the 


ees |X.,,|?dr have a uniform upper bound. This then implies that there is a 
constant C; such that for all n we have 


T-t' j 
| _ Xan (T) G(r < Ch. 


Ts 
Thus, after passing to a subsequence, the 7, converge uniformly to a continuous y 
defined on [T — ¢,T —t’]. Furthermore, we can arrange that the convergence is a 
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weak convergence in W!?. This means that y has a derivative in L? and 


sie T-t 
| |X(7)|?dr < liminfy so f [Kays (r)|2dr. 
T-t a 


Now we do this simultaneously for all =’ — 7’ and for all the finite number of 
surgery times in [T;_1,T —1']. This gives a limiting path y: [7’,7] ~ M. Putting 
together the above inequalities we see that the limit satisfies 

(16.6) 


[ V7T(R T)) + |Xy(7)| a) dr < liminfy_.55 I, V7 (R(yn(7)) + |X. n(T)I) dr. 


Since we have already arranged that poe is a limit on [0,7’], this produces a limiting 
path y: [0,7] -~ M. By Inequalities [16.5] and [16.6] we see that 


L(y) < liminfj_,..L£L(7n)- 


The limit lies in the compact subset Y(¢) and hence is contained in the open subset 
of smooth points of M. This completes the proof of the first statement of the 
proposition. 

Now suppose, in addition to the above, that all the y, have the same endpoint 
y € Mr_,, and that lim,-...£(7m) is less than or equal to the C£-length of any 
path parameterized by backward time connecting x to y. Let 7 be the limit of a 
subsequence as constructed in the proof of the first part of this result. Clearly, by 
what we have just established, y is a path parameterized by backward time from 
x to y and L(y) < lim, L(y). This means that y is a minimizing C-geodesic 
connecting x to y, an £-geodesic contained in the open subset of smooth points of 
Mz. 

This completes the proof of the proposition. O 





4 
Lemma{i6.15 If 6(t) < 6, for all t € [Ti-1,Tj41], then for any x € t~'([Tj, Ti41)) 
and for any y € Mr,_,, uf there is a path y parameterized by backward time connecting 
x to y with L(y) < L, then there is a minimizing L-geodesic contained in the open 
subset of smooth points of M connecting x to y. 


COROLLARY 16.24. Given L < 00, let 6, = 6;(L + A(T?! rig1) be as given in 


PROOF. Choose an £-minimizing sequence of paths from x to y and apply the 
previous proposition. Oo 





5.4. Completion of the proof of Proposition Having found a com- 
pact subset of the open subset of smooth points of M that contains all paths pa- 
rameterized by backward time whose £-length is not too large, we are in a position 
to prove Proposition [16.4] which states the existence of a minimizing £-geodesics in 
M from x and gives estimates on their £-lengths. 


ProoF. (of Proposition (16.4). Fix r > rj41 > 0. Let (M,G) and x € M be as 
in the statement of Proposition {Idi We set L = 8/Tj41(1 + Tj41), and we set 


6 = min (6:,51(L + 4(Ti41)?/? rit) : 
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where 6; is as given in Lemma[I6.15] Suppose that 4(t) < 6 for all t € [T;_1,T;41). 
We set U equal to the subset of t~!([T;_1,7)) consisting of all points y for which 
there is a path y from x to y, parameterized by backward time, with L(y) < L. For 
each t € [Tj-1,T) we set U; = UM M;. According to Corollary [16.24] for any y € U 
there is a minimizing £-geodesic connecting x to y and this geodesic lies in the open 
subset of M consisting of all the smooth points of M; in particular, y is a smooth 
point of M. Let £,: U — R be the function that assigns to each y € U the £-length 
of a minimizing L-geodesic from x to y. Of course, Lz(y) < L for all ye U. Now 
let us show that the restriction of £, to any time-slice U; C U achieves its minimum 
along a compact set. For this, let y, € U; be a minimizing sequence for £, and for 
each n let y, be a minimizing £-geodesic connecting x to yn. Since L(y,) < L for 
all n, according to Proposition [16.21] we can pass to a subsequence that converges 
to a limit, y, connecting x to some point y € M; and L(y) < inf,L(yn) < L. Hence, 
y € U;, and clearly £L,|y, achieves its minimum at y. Exactly the same argument 
with y, being a sequence of points at which £,|y, achieves its minimum shows that 
the subset of U; at which £, achieves its minimum is a compact set. 

We set Z C U equal to the set of y € U such that £Lz(y) < Lo(y’) for all y’ € Ugyy). 


CLAIM 16.25. The subset Z’ = {z € Z|Ly(z) < L/2} has the property that for 
any compact interval I C [T;-1,T) the intersection t~!(I)N Z’ is compact. 


PRooF. Fix a compact interval I C [Tj;-1,T). Let {z,} be a sequence in Z’/M 
t-1(I). By passing to a subsequence we can assume that the sequence t(z,) = tn 
converges to some t € J, and that L,(z,) converges to some D < L/2. Since the 
surgery times are discrete, there is a neighborhood J of ¢t in J such that the only 
possible surgery time in J is t itself. By passing to a further subsequence if necessary, 
we can assume that t, € J for all n. Fix n. First, let us consider the case when 
tn > t. Let y, be a minimizing £-geodesic from x to z,. Then we form the path 
Yn which is the union of y, followed by the flow line for the vector field y from the 
endpoint of 7, to M;. (This flowline exists since there is no surgery time in the open 
interval (t,t,].) Ift, < t, then we set 7, equal to the restriction of 7, to the interval 
[0,7 — t]. In either case let j, € M; be the endpoint of ¥,. Since M; is compact, 
by passing to a subsequence we can arrange that the 7, converge to a point y € M;. 
Clearly, limn—o02n = y- 

It is also the case that lim, .o£L(9n) = limnsoLl(yn) = D < L/2. This means 
that y € U and that £,(y) < D < L/2. Hence, the greatest lower bound of the 
values of L, on U; is at most D < L/2, and consequently Z’N U; 4 0. Suppose 
that the minimum value of £L, on U; is D'! < D. Let z € U; be a point where this 
minimum value is realized, and let ~ be a minimizing £-geodesic from x to z. Then 
by restricting 7 to subintervals [0,t — yu] shows that the minimum value of £, on 
Ut4, < (D' + D)/2 for all « > 0 sufficiently small. Also, extending y by adding a 
backward vertical flow line from z shows that the minimum value of £, on U;_,, is at 
most (D’+ D)/2 for all w > 0 sufficiently small. (Such a vertical flow line backward 
in time exists since z € U and hence z is contained in the smooth part of M.) This 
contradicts the fact that limit of the minimum values of £, on U;,, converge to D 
as t, converges to t. This contradiction proves that the minimum value of £, on U; 
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is D, and consequently the point y € Z’. This proves that Z’t~!(Z) is compact, 
establishing the claim. O 





At this point we have established that Properties (1),(2), and (4); So it remains 
only to prove Property (3) of Proposition To do this we define the reduced 
length function l,: U — R by 


Liq 

ln(q) = _ £olQ) 
2\/T — t(q) 
We consider the subset S of 7’ € (0,7 — Tj_1] with [™™(r) < L/2 for all r < 7’. 
Recall that by the choice of L, we have 3\/T — Tj_; < L/2. Clearly, the minimum 


value of 1, on Up_, converges to 0 as 7 — 0, implying that this set is non-empty. 
Also, from its definition, S is an interval with 0 being one endpoint. 


and (7) = mingeM;!2(q). 


LEMMA 16.26. Let [™™(r') be the minimum value of ly on Up_,. For anyt € S 
we have U™(r) < 3/2. 


PROOF. Given that we have already established Properties 1,2 and 4 of Propo- 
sition this is immediate from Corollary [7.12] O 


Now let us establish that S = (0,7 — T;_1]. As we remarked above, S is a non- 
empty interval with 0 as one endpoint. Suppose that it is of the form (0,7] for some 
Tt <I —T;_. Then by the previous claim, we have [™™(r) < 3/2 so that there is 
an £L-geodesic y from x to a point y € Mp_, with L(y) < 3/7 < L/2. This implies 
that for all r’ > 7 but sufficiently close to rT, there is a point y(7’) € Up_, with 
L,(y(7’)) < L/2. This shows that all 7’ greater than and sufficiently close to T are 
contained in S. This is a contradiction of the assumption that S = (0, 7]. 

Suppose now that S is of the form (0,7), and set t = T—7. Let t, — t 
and z, € Z’U,. The same argument as above shows that for every n we have 
Li(Zn) < 3V/T —t,. For all n sufficiently large, there are no surgery times in the 
interval (t,t,). Hence, by passing to a subsequence, we can arrange that the z, 
converge to a point z © M;. Clearly, 


L,(z) < limsup,,,,.£2(2n) < 3VT —t, 


so that 7 € S. This again contradicts the assumption that S = (0,7). 

The only other possibility is that the set of 7 is (0,7 — T;_-;] and the minimum 
value of £ on U; is at most 3/T — t for all t € [Tj_1,T). This is exactly the third 
property stated in Proposition This completes the proof of that proposition. 
| 








6. Completion of the proof of Proposition [16.1 


Now we are ready to establish Proposition the non-collapsing result. We 
shall do this by finding a parabolic neighborhood whose size, r’, depends only on 
r;, C and e, on which the sectional curvature is bounded by (r’)~? and so that the 
£-distance from x to any point of the final time-slice of this parabolic neighborhood 
is bounded. Recall that in Section 2] we established it when R(x) = r~? with r < 
ri41 <€. Here we assume that rigi <r <e. Fix 6 = 0(ri41) from Proposition [16.4 
and set D = 8./7j41(1 + Ti41). 
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First of all, in Claim [15.1] we have seen that there is Ko such that t~1[0,7;] is Ko 
non-collapsed on scales < ¢«. Thus, we may assume that 7 > 1. 

Recall that t(x) = T € (%j,Tj41]. Let y be an L-geodesic contained in the 
smooth part of M from z to a point in My,_, with L(y) <3,/T—T,_4. That such 
ay exists was proved in Proposition [16.4] We shall find a point y on this curve with 
Ky) <= 2, 2 Then we find a backward parabolic neighborhood centered at y on 
which £ is bounded and so that the slices have volume bounded from below. Then 
we can apply the results from Chapter [8] to establish the « non-collapsing. 


CLAIM 16.27. There is To with max(e?,T — T;) < 7 < T —Tj_1 —€? such that 
R(y(70)) < 77”. 


Proor. Let T’ = max(e?, T — T;) and let T” = T — T;_; — e, and suppose that 
R(y(r)) > 7; ? for all r € [T", T”]. Then we see that 


2 
[FROG + XP) ar > Srp? (EN? - (799?). 


/ 


Since R > —6 because the curvature is pinched toward positive, we see that 
D) T! T-T;_1 
Liv) = ari? (rye? - (ry?) - | 6V7dr — | 6/7dr 


ar? (cr? — (9?) — ar? — 4 (7 - Ta)? - (7?) 


V 


CLAIM 16.28. We have the following estimates: 


(Pra > 7(P Ta)? 
ary? < 4(T - 7.4)? 
2t 
es 3/2 N\ 3/2 a0, — 1; 
4((r Fay") ) = gg ee 


PROOF. Since T; — T;-1 > tp and T > T;, we see that T”/(T — T;_1) > 0.9. If 
T’ = T — Tj, then since T < Tj41 = 27; = 47;_1 we have T’/(T — T;_-1) < 2/3. If 
T' = ?, since €? < tp/50, and T — T;_1 > to, we see that T’ < (T —T;_1)/50. Thus, 
in both cases we have T’ < 2(T —Tj_1)/3. Since (0.9)?/? > 0.85 and (2/3)?/? < 0.6, 
the first inequality follows. 

The second inequality is clear since T’ < (T — Tj_1). 

The last inequality is clear from the fact that T” = T — T;_; — e? and e < 


/ to /50. ia 


Putting these together yields 





Since 
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and T' — T;_; > to we see that 


L(y) = (= - 1) 9-38] VT=Ta 


> (8 —5to)/T — Tj_-1 
2 Gap T= This 


(The last inequality uses the fact that t) = 2-°.) But this contradicts the fact 


that L(y) < 3/T — Ti-1. O 


Now fix 79 satisfying Claim|16.27| Let 7, be the restriction of y to the subinterval 
(0, 79], and let y = 71 (79). Again using the fact that R(y(r)) > —6 for all T, we see 
that 


(16.7) L(mn) < L(y) + A(T — Te)?” < 3(Ti)? + 4(Ti)9”. 





Set t! = T — 7. Notice that from the definition we have t/ < T;. Consider 
B= Bly,t’, #5), and define A = min(r?/16C, €?). According to Lemma [IT.2] every 
point z on a backward flow line starting in B and defined for time at most A has 
the property that R(z) < 2r;?. For any surgery time 7 in [t/ — A,t’) C [Ti-1,T) 
the scale h of the surgery at time # is < 6(#)?r;, and hence every point of the 
surgery cap has scalar curvature at least D~!6(€)~4r;*. Since d(f) < 5 < dy < 
min(D~+, 1/10), it follows that every point of the surgery cap has curvature at least 
do a > 1000r;?. Thus, no point z as above can lie in a NEBR cap. This means 
that tie entire padeward parabolic neighborhood P(y,t, 36, A) exists in M, and 
the scalar curvature is bounded by 2r,- ? on this backward parabolic neighborhood. 
Because of the curvature pinching toward positive assumption, there is C’ < oo 
depending only on r; and such that the Riemann curvature is bounded by OC” on 
P(y,t’, 3, —A). 

Consider the one-parameter family of metrics g(r), 0 < 7 < A, on B(y,t’, 36) 
obtained by restricting the horizontal metric G to the backward parabolic neighbor- 
hood. There is 0 < Ay < A/2 depending only on C’ such that for every r € [0, Aj] 





and every non-zero tangent vector v at a point of B(y,t’, 74) we have 
2 
v 
2 lelG0) 
Set * = min(z54, A1/2), so that * depends only on rj, C, and «. Set t” = t’ — Aj. 


Clearly, B(y,t’,*) C Bly, t’, 54) so that Bly, t",7) C Ply,t, 36, —A). Of course, it 
then follows that the parabolic neighborhood P(y,t”,7,—Aj) exists in M and 


POE 1-4) Cc Ply,t —A), 


r% 
’ 90’ 
so that the Riemann curvature is bounded above by C’ on the Peraenc neighbor- 
hood P(y,t”,?, —A,). We set r’ = min(?, (C’)~1/?, /A{/2), so that r’ depends only 
on rj, C, and e. Then the parabolic neighborhood P(y,t’,r’,—(r’)?) exists in M 
and |Rm| < (r’)~? on P(y,t”,r’, —(r’)”). Hence, by the inductive non-collapsing as- 
sumption either y is contained in a component of M, of positive sectional curvature 
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or 
Vol B(y, t”, r’) > Ki(r')?. 

If y is contained in a component of My of positive sectional curvature, then by 
Hamilton’s result, Theorem |4.23} under Ricci flow the component of Mj containing 
y flows forward as a family of components of positive sectional curvature until it 
disappears. Since there is path moving backwards in time from zx to y, this means 
that the original point x is contained in a component of its time-slice with positive 
sectional curvature. 

Let us consider the other possibility when Vol B(y,t”,r’) > Ki(r’)3. For each 
z€ Biy,t”,r’) let 

wea T=? Boe, sa) 
be the G(t’)-geodesic connecting y to z. Of course 
NG 


Tr 
IX. (Tle) < a 


for every 7 € [0, A;]. Thus, 


V2r! 
IXu.(T)leer—r) S ie 





for all r € [T —t/,T — t”|. Now we let ji, be the resulting path parameterized by 
backward time on the time-interval [T — t’,T — t”]. We estimate 
1 Ls 


L(iiz) = - V7 (R(fie()) + |Xp, (7)|*) dr 
Tt" 2(r’)? 
< VT —t! (272+) dt 
T-t! At 
1 1 1 
< — tH (2r72 _)\< oot), 
< VT —t (21; Ai +5)<vT (+5) 


In passing to the last inequality we use the fact, from the definitions that r’ < //Ai/2 
and A < r?/16C, whereas A; < A/2. 
Since C' > 1, we see that 
Li) <VT. 
Putting this together with the estimate, Equation (16.7), for £(71) tells us that for 
each z € B(y,t”,r’) we have 


£1 * fiz) < A(T)? + A(T)??? < L/2. 


Hence, by Proposition[16.4Jand the choice of L, there is a minimizing L-geodesic from 
x to each point of B(y,t”,r’) of length < L/2, and these geodesics are contained in 
the smooth part of M. In fact, by Proposition [16.21]there is a compact subset Y of 
the open subset of smooth points of M that contains all the minimizing £-geodesics 
from x to points of B(y,t”,r’). 

Then, by Corollary (see also, Proposition [6.56), the intersection, B’, of 
U, with B(y,t’,r’) is an open subset of full measure in B(y,t’,r’). Of course, 
Vol B’ = Vol B(y, t’,r’) > K;:(r’)® and the function J, is bounded by L/2 on B’. 
It now follows from Theorem [8.1] that there is k > 0 depending only on «;, 7’, € 
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and L such that x is « non-collapsed on scales < €. Recall that LD depends only on 
T;41, and r’ depends only on r;,C,C” and €, whereas C’ depends only on r;. Thus, 
in the final analysis, « depends only on «; and r; (and C and € which are fixed). 
This entire analysis assumed that for all t € [7;-1,7j41) we have the inequality 
d(t) <0, (L4+ 4(ti41)?/2, 7341) as in Lemma[I6.15] Since L depends only on i and to, 
this shows that the upper bound for 6 depends only on r;+41 (and on 7, to, C, and 
€). This completes the proof of Proposition [16.1] 


CHAPTER 17 


Completion of the proof of Theorem 


We have established the requisite non-collapsing result assuming the existence of 
strong canonical neighborhoods. In order to complete the proof of Theorem [15.9] it 
remains for us to show the existence of strong canonical neighborhoods. This is the 
result of the next section. 


1. Proof of the strong canonical neighborhood assumption 


PROPOSITION 17.1. Suppose that for some i > 0 we have surgery parameter 
sequences 09 > 0, > +: > 6; > 0,€ = 7m > 1m >: > 7 > 0 and Kk > Ky > 
1+ > Ky > 0. For any riqa < 1, let 0(ri41) > 0 be the constant in Proposition [16.1 
associated to these three sequences and to rj41. Then there are positive constants 
Tiga <7; and O:41 < O(ri41) such that the following holds. Suppose that (M,G) is 
a Ricci flow with surgery defined for0 <t<T for some T € (T;,Tj41] with surgery 
control parameter 6(t). Suppose that the restriction of this Ricci flow with surgery to 
t—1((0,7;)) satisfies Assumptions (1) — (7) and also the five properties given in the 
hypothesis of Theorem [15.9 with respect to the given sequences. Suppose also that 
O(t) < dj41 for all t € [T;-1,T]. Then (M,G) satisfies the strong (C,¢)-canonical 
neighborhood assumption with parameter rj+1. 


PROOF. Suppose that the result does not hold. Then we can take a sequence of 
rq — 0 as a — ov, all less than r;, and for each a a sequence 6,,) — 0 as b — oo with 
each ba.» < d(ra), where 6(ra) < 6; is the constant in Proposition [16.1] associated to 
the three sequences given in the statement of this proposition and rg, such that for 
each a,b there is a Ricci flow with surgery (M a4), G(ay)) defined for 0 < t < Tia») 
with T; < Tia) < Ti¢i with control parameter 6(,,4)(t) such the flow satisfies the 
hypothesis of the proposition with respect to these constants but fails to satisfy the 
conclusion. 


LEMMA 17.2. For each a, and given a, for all b sufficiently large there is tip) € 
[Ti, T(ap)) such that the restriction of (M(as);G(as)) to t ([0, t¢a,))) satisfies the 
strong (C,«€)-canonical neighborhood assumption with parameter rq and furthermore, 
there is x © May) with t(x(a)) = tap) at which the strong (C,€)-canonical neigh- 
borhood assumption with parameter Tq fails. 


PROOF. Fix a. By supposition, for each b there is a point x € M(q4) at which the 
strong (C, €)-canonical neighborhood assumption fails for the parameter rz. We call 
points at which this condition fails countererample points. Of course, since rg < 1; 
and since the restriction of (M (a), 9(a,b)) to t—'((0, 7;)) satisfies the hypothesis of 
the proposition, we see that any counterexample point x has t(#) > 7T;. Take a 
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sequence Lp = Lp (q,p) Of counterexample points with t(ap41) < t(2p) for all n that 
minimizes t among all counterexample points in the sense that for any € > 0 and 
for any counterexample point « € Myq») eventually t(a,) < t(x) + €. Let t = 
t( a= limp—oot(an). Clearly, t’ € [Tj, T(a,p)), and by construction the restriction of 
(M (a,b); Gia)) to t~*([0, t’)) satisfies the (C, €)-canonical neighborhood assumption 
with parameter rz. Since the surgery times are discrete, there is t/” = (a,b) with t/ < 
t” < Tia) and a diffeomorphism 7 = Wa): My x [t’,t”) > t-1((t’,t”)) compatible 
with time and the vector field. We view ~*Giq») as a one-parameter family of 
metrics g(t) = 9a,)(t) on My for t € [t’,t”). By passing to a subsequence we can 
arrange that t(z,) € [t’,t”) for all n. Thus, for each n there are yn = Yn,(ab) € My 
and t, € [t’,t”) with U(yn, tn) = @n. Since My is a compact 3-manifold, by passing 
to a further subsequence we can assume that yn, — Tq) € My. Of course, tn > : 
as n — 00 and limn 0% = F(a) in Map). 

We claim that, for all b sufficiently large, the strong (C,¢)-canonical neighbor- 
hood assumption with parameter rq fails at x(q). Notice that since x(q) is the limit 
of a sequence where the strong (C,¢)-neighborhood assumption fails, the points in 
the sequence converging to %(q,») have scalar curvature at least r¢ 2. It follows that 
Al Digg) 2%, 2. Suppose that (q,b) Satisfies the strong (C,€)-canonical neighbor- 
hood assumption with parameter rz. This means that there is a neighborhood 
U = Uap) of X(a,b) € My which is a strong (C,¢)-canonical neighborhood of 2,4). 
According to Definition [9-78] there are four possibilities. The first two we consider 
are that (U,g(t’)) is an eround component or a C-component. In either of these 
cases, since the defining inequalities given in Definition and are strong 
inequalities, all metrics on U sufficiently close to g(t’) in the C™-topology the sat- 
isfy these same inequalities. But as n tends to ov, the metrics g(t,)|y converge in 
the C™-topology to g(t’)|y. Thus, in these two cases, for all n sufficiently large, 
the metrics g(t,) on U are (C,¢)-canonical neighborhood metrics of the same type 
as Gt ap) )lU- Hence, in either of these cases, for all n sufficiently large rp (q,4) has 
a strong (C,¢)-canonical neighborhood of the same type as %(q,»), contrary to our 
assumption about the sequence £p, (q)- 

Now suppose that there is a (C,¢€)-cap whose core contains L(q,p)- This is to say 
that (U,g(t’)) is a (C,e)-cap whose core contains x(q). By Proposition for 
all n sufficiently large, (U,g(tn)) is also a (C,€)-cap with the same core. This core 
contains y, for all n sufficiently large, showing that x, is contained in the core of a 
(C,¢)-cap for all n sufficiently large. 

Now let us consider the remaining case when 2(q») is the center of a strong e€- 
neck. In this case we have an embedding wu, ») : U(a,b) x (tab) —R1 (x(a), tap) = 
M(a,s) compatible with time and the vector field and a diffeomorphism fq) : S? x 
(-e let Ua,p) 80 that (f(a,p) Id)" Yo, (R(x (a,b))G(a,p)) is e-close in the cl/e. 
topology to the evolving product metric ho(t) x ds?, —1 < t < 0, where ho(t) is a 
round metric of scalar curvature 1/(1— +t) on S? and ds? is the Euclidean metric on 
the interval. Here, there are two subcases to consider. 


(i) Yu;,y) extends backward past tab) — R71 (2(a,))- 
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(ii) There is a flow line through a point ya) € Ua») that is defined on the 
interval [a,b) — R(X(a,b)), tap)! but with the value of the flow line at 
€ (a,b) — ae) an exposed point. 

Let us consider the first subcase. The embedding ~y,, ,, extends forward in time 
because of the diffeomorphism ~q,.) : My. x [t(a,b)> t(a,b)) — Ma») and, by as- 
sumption, ~y;,,) extends backward in time some amount. Thus, for all n sufficiently 
large, we can use these extensions of WU a, $0 define an embedding ~, (a,b): U(a,p) x 
(t(2n_(a,b)) — Ba daay)s t(@n,(a,0))] = Ma») compatible with time and the vector 
field. Furthermore, since the wp, (a) converge in the C°°-topology as n tends to infin- 
ity to Yu, ,), the Riemannian metrics (f(a,p) x Id)" (a,b) (R(Xn,(a,b))Ga,b) Converge 
in the C°°-topology to the pullback (f(a,5) x Id) "vt, 4) (R(X(a,b))Ga,p)- Clearly then, 
for fixed (a,b) and for all n sufficiently large the pullbacks of the rescalings of these 
metrics by R(xp(a,b)) are within € in the C 1/€]_topology of the standard evolving flow 
ho(t) x ds?, -1 <t <0, on the product of $? with the interval. Under these identi- 
fications the points x, (q») correspond to points (Pp (a,b); 8n,(a,b)) € S$? x (-e 1} ,e) 
where limp—.o$Sn,(a,b) = 9. The last thing we do is to choose diffeomorphisms 
Yn,(a,b): (-e~!,€71) — (—e7!, e7') that are the identity near both ends, such that 
Pn,(a,b) Carries 0 to Sy (ap) and such that the Yp (a) converge to the identity in the 
C™-topology for fixed (a,b) as n tends to infinity. Then, for all n sufficiently large, 
the composition 


Seer) 2 eee) Sr | wis 
is a strong e-neck centered at 2, (q»). This shows that for any b for which the first 
subcase holds, for all n sufficiently large, there is a strong e-neck centered at Xp (a,)- 

Now suppose that the second subcase holds for all 6. Here, unlike all previous 
cases, we shall have to let b vary and we shall prove the result only for 6 sufficiently 
large. We shall show that for all b sufficiently large, x(,) is contained in the core 
of a (C,¢€)-cap. This will establish the result by contradiction, for as we showed in 
the previous case, if x(q4) is contained in the core of a (C,¢)-cap, then the same is 
true for the x, for all n sufficiently large, contrary to our assumption. 

For the moment fix b. Set (44) = a,b) = RG ais (Gaal Since, by supposition 
the embedding VU a) does not extend backwards past t/q»), it must be the case 
that t(q4) is a surgery time and furthermore that there is a surgery cap C(q4) at this 
time with the property that there is a point y(a4) € Ujay) such that du, , (yap) #) 
converges to a point 2(4,p) € Cia) as t tends to t(a,b) from above. (See Fic. [I}) We 
denote by piqy) the tip of Cg»), and we denote by hap) the scale of the surgery at 
time teas) : 

Since the statement that x(q) is contained in the core of a (C,¢)-cap is a scale 


invariant statement, we are free to replace (M (ap), G(a,p)) with (M lactis G (a,b) )> Which 
has been rescaled to make h(,) = 1 and shifted in time so that ¢(,4) = 0. We denote 
the new time function by t. (Notice that this rescaling and time-shifting is different 
from what we usually do. Normally, when we have a base point like x(q) we rescale 
to make its scalar curvature one and we shift time to make it be at time 0. Here 
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we have rescaled based on the scale of the surgery cap rather than R(2(q)).) We 


set Q(a.) = Rey (<(a,p)) and we set Hap) = €(2(a,0))- Since the initial time of 


a f)-1 


the strong e-neck is zero, ba = Q We denote the flow line backward in time 


Ze - 
from Yar) by yap)(t), OS t < (a,b)? so that Y(a,b) (t(a,p)) = Yap): Since Ua) is 
a strong e-neck, by our choice of ¢, it follows from Lemma and rescaling that 


R(w(yap); b)) is within (0.01) Qa.) of Q(a)/(1+Q (a1) (a) —t)) for allt € (0, t/4 py): 


vy (Aa)) is within (0.01)Q(a.) 
of Qa.) /2. Let D be the universal constant given in Lemma/[12.3} so that the scalar 
curvature at any point of the standard initial metric is at least D~! and at most D. 
It follows from the third item in Theorem [13.2] that, since we have rescaled to make 
the surgery scale one, for all b sufficiently large the scalar curvature on the surgery 
Cia.) is at least (2D)~! and at most 2D. In particular, for all b sufficiently large 


By taking limits as t approaches 0, we see that RE, 


(2p)"* < fe, (2(a,b)) < 2D. 


a,b) 


Together with the above estimate relating Re, (2(a,p)) and Qa) this gives 


»b) 
(17.1) (5D)“1 < Qiap) < 5D. 


Since the flow line from Z(q,») to ya) lies in the closure of a strong e-neck of scale 


oe the scalar curvature is less than 6D at every point of this flow line. According 
to Proposition [12.31] there is 6; < 1 (depending only on D) such that R(q,t) > 8D 
for all (q,t) in the standard solution with t > 6}. 





a,b) é bd © (a,b) Y(a,b) ‘ 
strong 

e-neck 

ta.) 


surgery cap 
FiGurRE 1. A strong neck with initial time in a surgery cap 


By the fifth property of Theorem there is A’(6;) < oo such that in the 
standard flow, B(po,0,A) contains B(po, 01, A/2) for every A > A’(6,). We set A 
equal to the maximum of A’(6;) and 


3 ((1.2)Vv5De" + (1.1)(Ap +5) + Cv5D) 


Now for any 6 > 0 for all 6 sufficiently large, we have 6a) < 6”(A, 61,6), where 


6”(A, 61,0) is the constant given in Proposition [16.13 
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CLAIM 17.3. Suppose that b is sufficiently ti so that dap) < 6" (A, 01, 50), 


where 69 is the constant given in Definition Then ta ») <1. 


ProoF. In this proof we shall fix (a,b), so we drop these indices from the nota- 
tion. Consider s < 6; maximal so that there is an embedding 


y= W(a,b) : B(po,0, A) x (0, s) = M (a,b) 


compatible with time and the vector field. First suppose that s < 0,. Then according 
to Proposition [16.5] either the entire ball B(p, 0, A) disappears at time s or s is the 
final time of the time interval of definition for the flow (Mea, b)> Goo, b))- Since we 


have the flow line from z € B(po,0,A) extending to time t’ = = ta b)? in either case 


this implies that t’ < s, proving that t/ < 6; in this case. 

Now suppose that s = @,. By the choice of 6), for the standard solution the scalar 
curvature at every (q,1) is at least 8D. Since bia) < 6”(A, 01,40), by the definition 
of do given in Definition and by Proposition the scalar curvature of the 
pullback of the metric under w is within a factor of two of the scalar curvature of 
the rescaled standard solution. Hence, the scalar curvature along the flow line (z, t) 
through z limits to at least 8D as t tends to 0). Since the scalar curvature on (z, t) 
for t € [0,¢’] is bounded above by 6D, it follows that t’ < 6, in this case as well. 
This completes the proof of the claim. O 





Thus, we have maps 


Wap) : B(po, 0, A) x [0, fa.)] —e Mca) 


compatible with time and the vector field, with the property that for each 6 > 0, 
for all 6 sufficiently large the pullback under this map of Gab) is within 6 in the 
Cl/4|_topology of the restriction of the standard solution. Let W(a,b) be the result 
of flowing x(q) backward to time 0. 


CLAIM 17.4. For all b sufficiently large, wias) € V(a,s)(B(po,0, A) x {O}). 


PROOF. First notice that, by our choice of €, every point in the 0 time-slice of 
the closure of the strong e-neck centered at x(q,y) is within distance (1. Qe aye e* of 
Wa,p)- In particular, 

-1/2 — 
de 5) (a,b) Ya,b)) < CL. NOahe - 
Since y(q,5) is contained in the surgery cap and the scale of the surgery at this time 
is 1, (ap) is within distance Ap + 5 of pia»). Hence, by the triangle inequality and 
Inequality (17.1), we have 


dey (W(a.b)» Plat) < (1. YO eet + (Ay +8) 
< (1.1)V5De! + (Ap +5). 


For b sufficiently large, the image ~q)(B(p0,0,A)) contains the ball of radius 


0.95).A centered at py,.). Since by our choice of A we have (0.95)A > (1.1)V5De7!+ 
(a,b) 
(Ap + 5), the claim follows. O 





388 17. COMPLETION OF THE PROOF OF THEOREM [5.9] 
We define qia,b) € B(po,0, A) so that P(a,6) (Qa,b);9) = Was). Of course, 


W(a,0) (4(a,b) t(a,)) = X (a,b): 


If follows from the above computation that for all b sufficiently large we have 


do((a,b)> Po) < (1.15)Q Gi) € a = (1.05) (Ao + 5). 


Since the standard flow has non-negative curvature, it is a distance non-increasing 
flow. Therefore, 


dy (4(a.s),Po) < (1-15) Qe) © + (1-05) (Ao + 5). 


Suppose that a point (4, ta py) in the standard solution were the center of a 
GBe/3-neck, where ( is the constant from Proposition Of course, for all 6 
sufficiently large, RG, tap) = (0.99) Q(a,)- Since B < 1/2 and € < V5D(Ay + 5)/2 
and Q(a.) < 5D, it follows from the above distance estimate that this neck would 
contain (po, t(a,b)): But this is impossible: since (po, t(a,b)) is an isolated fixed point 
of an isometric SO(3)-action on the standard flow, all the sectional curvatures at 
(po, t i) are equal, and this is in contradiction with estimates on the sectional 
curvatures at any point of an «neck given in Lemma[I9.2] We can then conclude 
from Theorem [12.32] that for all b sufficiently large, the point (po, Ea,b)) is contained 
in the core of a (C(Ge/3), Ge/3)-cap Y(a.y) in the te ») time-slice of the standard 
solution. Now note that for all b sufficiently large, the scalar curvature of (q(a,), be b)) 


is at least (0.99) Q (a,b); since the scalar curvature of x44) is equal to Q(qy). This 
implies that the diameter of Y(,.4) is at most 


(1.01)Q@') C(Be/3) < (1.1) VBDC(e/3). 


Since B(po,0, A) contains B(po, tg 5) A/2), and since C > C((e/3), it follows from 
the definition of A, the above distance estimate, and the triangle inequality that for 
all b sufficiently large B(po,0, A) x {t( on } contains Y(q..)- 


Since C > C(Ge/3) + 1 and since for b sufficiently large Va we (a,b) is arbitrarily 
close to the restriction of the standard solution metric, it follows from Lemma[9.79] 
that for all b sufficiently large, the image 7a,» (Yay) is a (C,e€)-cap whose core 
contains 2(q)- As we have already remarked, this contradicts the assumption that 
no Z,, has a strong (C,¢)-canonical neighborhood. 

This completes the proof in the last case and establishes Lemma O 





REMARK 17.5. Notice that even though 2(,4) is the center of a strong e-neck, the 
canonical neighborhoods of the x, constructed in the second case are not a strong 
e-necks but rather are (C,¢)-caps coming from applying the flow to a neighborhood 
of the surgery cap C. 


Now we return to the proof of Proposition For each a, we pass to a subse- 
quence (in b) so that Lemma [17.2] holds for all (a,6). For each (a, 6), let tia) be as 
in that lemma. We fix a point x(q5) € tase) C Ma.) at which the canonical 
neighborhood assumption with parameter r, fails. For each a choose b(a) such that 
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dba) — 0 as a — oo. For each a we set (Ma,Ga) = (M(aa(a)); Gia,b(a))), We Set 
ta = t(ab(a)), and we let tq = X(a,h(a)) € Ma. Let (Ma, Ca) be the Ricci flow with 
surgery obtained from (M,,G,) by shifting t, to 0 and rescaling the metric and 
time by R(a,). We have the points %, in the 0 time-slice of Ma corresponding to 
Zq € Mg. Of course, by construction Rg, (Za) = 1 for all a. 

We shall take limits of a subsequence of this sequence of based Ricci flows with 
surgery. Since rg > 0 and R(axq) > 7”, it follows that R(xq) — co. By Proposi- 
tion [16.1] since dy(a) < 6(ra) it follows that the restriction of (Ma, Ga) to t~!(—o0, 0) 


is K-non-collapsed on scales < eRel? (wa). By passing to a subsequence we arrange 


that one of the following two possibilities holds: 
(i) There is A < o and t’ < oo such that, for each a there is a flow line 
through a point ya of Bg (a,0,A) that is not defined on all of [—¢’, 0]. 
(See Fic. [2}) 
(ii) For every A < 00 and every t’ < on, for all a sufficiently large all flow lines 
through points of Bg, (Zq,0, A) are defined on the interval [—?’, 0]. 


Bg, (a,0, A) 





surgery cap 


FIGURE 2. Possibility (i). 


Let us consider the second case. By Proposition these rescaled solutions 
are k-non collapsed on scales < €Rg,(xq)'/? for all t < 0. Since this condition is 
a closed constraint, the same is true if t = 0. Since R(a_) > rz 7, by construction 
every point % € (Mq,Gq) with R(Z) > 1 and t(Z) <0 has a strong (C, €)-canonical 
neighborhood. 


CLAIM 17.6. For alla sufficiently large, every point x € (Ma, Gy) with R(x) >1 
and t(%) = 0 has a (2C, 2€)-canonical neighborhood. 


Proor. Assume that 7 € M has R(Z) > 1. Suppose that % is an exposed point. 
If a is sufficiently large, then 6,(q) is arbitrarily close to zero and hence by the last 
item in Theorem and the structure of the standard initial condition, we see that 
x is contained in the core of a (2C, 2e)-cap. 
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Suppose now that z is not an exposed point. Then we can take a sequence of 
points Yn € Ma all lying on the flow line for the vector field through x converging to 
x with t(y,) < 0. Of course, for all n sufficiently large R(y,) > 1, which implies that 
for all n sufficiently large y, has a strong (C,¢)-canonical neighborhood. Passing 
to a subsequence, we can arrange that all of these canonical neighborhoods are of 
the same type. If they are all eround components, all C-components, or all (C, «)- 
caps whose cores contain yn, then by taking limits and arguing as in the proof of 
Lemma [11.23] we see that Z has a strong (2C,2e)-canonical neighborhood of the 
same type. On the other hand, if ¥,, is the center of a strong e-neck for all n, then 
according to Claim [11.24] the limit point & is the center of a strong 2e-neck. O 





Since we have chosen € > 0 sufficiently small so that Theorem applies with ¢€ 
replaced by 2e, applying this theorem shows that we can pass to a subsequence and 
take a smooth limiting flow of a subsequence of the rescaled flows (Ma, G,) based 
at Zq and defined for all t € (—oo,0]. Because the (M,,G,) all have curvature 
pinched toward positive and since R(x,_) — oo as a tends to infinity, this result says 
that the limiting flow has non-negative, bounded curvature and is K-non-collapsed 
on all scales. That is to say, the limiting flow is a «-solution. By Corollary 
this contradicts the fact that the strong (C,€)-canonical neighborhood assumption 
fails at 2, for every a. This contradiction shows that in the second case there 
is a subsequence of the a such that x, has a strong canonical neighborhood and 
completes the proof of the second case. 

Let us consider the first case. In this case we will arrive at a contradiction by 
showing that for all a sufficiently large, the point x, lies in a strong (C, €)-canonical 
neighborhood coming from a surgery cap. Here is the basic result we use to find 
that canonical neighborhood. 


LEMMA 17.7. Suppose that there are A’, D’,t! < co such that the following holds 
for all a sufficiently large. There is a point ya € Ba, (Za,0, A’) and a flow line of 
x beginning at ya, defined for backward time and ending at a point zg in a surgery 
cap Cq at time —tq for some tg < t'. We denote this flow line by ya(t), -ta <t < 0. 
Furthermore, suppose that the scalar curvature on the flow line from yq to 2zq is 
bounded by D'. Then for all a sufficiently large, rq has a strong (C,€)-canonical 
neighborhood. 


ProoFr. The proof is by contradiction. Suppose the result does not hold. Then 
there are A’, D’,t! < oo and we can pass to a subsequence (in a) such that the 
hypotheses of the lemma hold for every a but no 2, has a strong (C,¢€)-canonical 
neighborhood. The essential point of the argument is to show that in the units 
of the surgery scale the elapsed time between the surgery time and 0 is less 
than 1 and the distance from the point z, to the tip of the surgery cap is bounded 
independent of a. 

By Lemma[12.3] the fact that the scalar curvature at zg is bounded by D’ implies 
that for all a sufficiently large the scale hq of the surgery at time —t, satisfies 


(17.2) he > (2D'D)-2. 
(Recall that we are working in the rescaled flow (Ma, Ga)-) 
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Now we are ready to show that the elapsed time is bounded less than one in the 
surgery scale. 


CLAIM 17.8. There is 0, <1, depending on D’ and t', such that for all a suffi- 


ciently large we have ta < O,h,. 


PROOF. We consider two cases: either tg < he / 2 or he /2 < tq. In the first 
case, the claim is obviously true with 0, anything greater than 1/2 and less than 
one. In the second case, the curvature everywhere along the flow line is at most 
D! < (2tgD')h,” < (2t'D')h,”. Using Proposition [2.31] fix 1/2 < 6, < 1 so that 
every point of the standard solution (x,t) with t > (26; —1) satisfies R(x,t) > 6t’D’. 
Notice that 6; depends only on D’ and t’. If tg < 6h. then the claim holds for 
this value of 6; < 1. Suppose tg > One, so that —t, + (20, — Lh. <0. For all 
a sufficiently large we have dg < 0j(Ao + 5,01,60) where 69 is the constant from 
Definition [16.12] and 0 is the constant from Proposition [16.5] This means that the 
scalar curvatures at corresponding points of the rescaled standard solution and the 
evolution of the surgery cap (up to time 0) in M,, differ by at most a factor of 
two. Thus, for these a, we have R(ya, (—ta + (201 — 1)h2)) = 3(t!D'\ha” from the 
definition of 59 and Proposition[I6.5] But this is impossible since —t,(20; — Lh, <0 
and 3t'D!/h> > 3tqD'/h, > D! as ta > h,/2. Hence, R(ya,(—ta + (201 — 1)h,)) < 


2taD'h, = 2. Dh,’ This contradiction shows that if a is sufficiently large then 


ta < Oho. Oo 





We pass to a subsequence so that tah, converges to some 6 < 6;. We define 
C to be the maximum of Cand 3e—18-!. Now, using Part 5 of Theorem [12.5] we 
set A” > (9C + 3A’)V2DD! + 6(Ap + 5) sufficiently large so that in the standard 
flow B(po,0, A”) contains B(po,t, A” /2) for any t < (6; +1)/2. This constant is 
chosen only to depend on 6;, A’, and C. As a tends to infinity, 6, tends to zero 
which means, by Proposition that for all a sufficiently large there is an em- 
bedding pa: B(po, —ta, A” ha) x [—ta, 0] > M, compatible with time and the vector 
field such that (after translating by t, to make the flow start at time 0 and scaling 
by h,”) the restriction of Ga to this image is close in the C'°-topology to the re- 
striction of the standard flow to B(po,0, A”) x [0, hi, ta]. The image pa(po, —ta) 
is the tip pa of the surgery cap C, in Ma: In particular, for all a sufficiently 
large the image pa (B(po, —ta, A”“ha) x {0}) contains the A’h_/3-neighborhood of 
the image pa(po,0) of the tip of the surgery cap under the flow forward to time 
0. By our choice of A’, and Equation (17.2), this means that for all a suffi- 
ciently large pa (B(po, —ta, A” ha) x {—ta}) contains the (3C + A’) + 2(Ap + 5)Ra 
neighborhood of pa = Pa(po,—ta). Notice also that, since the standard solution 
has positive curvature and hence the distance between points is non-increasing in 
time by Lemma [3.14] the distance at time 0 between pa(po,0) and yq is less than 
2(Ag +5)hg. By the triangle inequality, we conclude that for all a sufficiently large, 
Pa (B(po,—ta, A” ha) x {0}) contains the 3C-neighborhood of zg. Since the family of 
metrics on Pq (B(po,—ta, A” ha) x [-ta, 0]}) (after time-shifting by ta and rescaling 
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by h,’) are converging smoothly to the ball B(po, 0, A”) x [0, 6] in the standard flow, 
for all a sufficiently large then the flow from time —t, to 0 on the 3C-neighborhood 
of Xq is, after rescaling by ha very nearly isometric to the restriction of the stan- 
dard flow from time 0 to hata on the 3Ch, ‘-neighborhood of some point gq in the 
standard flow. Of course, since the scalar curvature of x, is one, R(qa; lin ta) in the 
standard flow is close to ie Hence, by Theorem[I2.32]there is a neighborhood X of 


Cam “ta) in the standard solution that either is a (C, €)-cap, or is an evolving 3e/3- 
neck centered at (qa, Rta). In the latter case either the evolving neck is defined for 
backward time (1+ Ge/3) or its initial time-slice is the zero time-slice and this initial 
time-slice lies at distance at least 1 from the surgery cap. Of course, X is contained 
in the CR(da, lig ta)? neighborhood of (da, hi, ta) in the standard solution. Since 
C >C and R(qa, ha ta) is close to h,’, the neighborhood X is contained in the 
2Ch, ‘-neighborhood of (da,R, ta) in the standard solution. Hence, after rescaling, 
the corresponding neighborhood of x, is contained in the 3C-neighborhood of rq. If 
either of the first two cases in Theorem [12.32] occurs for a subsequence of a tending 
to infinity, then by Lemmal9.79Jand the fact that C > max(C,e—'), we see that there 
is a subsequence of a for which x, either is contained in the core of a (C,€)-cap or 
is the center of a strong e-neck. 

We must examine further the last case. We suppose that for every a this last 
case holds. Then for all a sufficiently large we have an (Ge/3-neck N, in the zero 
time-slice of M, centered at z,. It is an evolving neck and there is an embedding 
w: Na X [-ta, 0] - Ma compatible with time and the vector field so that the initial 
time-slice ~(Na x {—ta}) is in the surgery time-slice M_;, and is disjoint from the 
surgery cap, so in fact it is contained in the continuing region at time —t,. As we 
saw above, the image of the central 2-sphere w(S2 x {—t,}) lies at distance at most 
A’h, from the tip of the surgery cap pq (where, recall, A” is a constant independent 
of a). The 2-sphere, ©,, along which we do surgery, creating the surgery cap with 
Pa as its tip, is the central 2-sphere of a strong dj(q)-neck. As a tends to infinity 
the surgery control parameter 6,q) tends to zero. Thus, for a sufficiently large this 
strong 6p(q)-neck will contain a strong (e/2- neck N’ centered at y(ra,—ta). Since 
we know that the continuing region at time —t, contains a Je/3-neck centered at 
(ta, —ta), it follows that N’ is also contained in C_;,. That is to say, N’ is contained 
in the negative half of the dy(q)-neck centered at %,. Now we are in the situation 
of Proposition [15.2] Applying this result tells us that x, is the center of a strong 
e-neck. 

This completes the proof that for all a sufficiently large, x_ has a (C, €)-canonical 
neighborhood in contradition to our assumption. This contradiction completes the 
proof of Lemma [I7.7] O 





There are several steps required to complete the proof of Proposition [7.1] The 
first step helps us apply the previous claim to find strong (C, €)-canonical neighbor- 
hoods. 
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CLAIM 17.9. Given any A < oo there is D(A) < oo and 6(A) > 0 such that 
for all a sufficiently large, |Rm| is bounded by D(A) along all backward flow lines 
beginning at a point of Ba, (Za,0, A) and defined for backward time at most 6(A). 


PROOF. Since all points y € (Ma, Ga) with Rg, (y) > rz? and t(y) < t(xq) have 
strong (C, €)-canonical neighborhoods, and since R(z,) = 7,7, we see that all points 


y € (Ma,Ga) with t(ya) < 0 and with Re (ya) 2 1 have strong (C, )-canonical 


neighborhoods. It follows that all points in (M,,G,) with t(y) < 0 and R(y) > 1 
have strong (2C,2e€)-canonical neighborhoods. Also, since 6g < 6(rq), where 6(rq) 
is the constant given in Proposition [6.1] and since the condition of being «-non- 
collapsed is a closed constraint, it follows from Proposition that these Ricci 
flows with surgery are «-non-collapsed for a fixed x > 0. It is now immediate from 
Theorem that there is a constant Do(A) such that R is bounded above on 
Bg, (£a,0, A) by Do(A). Since every point y € (Ma,Ga) with R(y) > 1 of the 
sequence of with scalar curvature at least 1 has a (C,¢) canonical neighborhood, it 
follows from the definition that for every such point y we have |OR(y) /Ot| < CR(y)?. 
Arguing as in Lemma [1.2] we see that there is a constant 6(A) > 0 and a bound 
D'(A), both depending only in Do(A), for the scalar curvature at all points of 
backward flow lines beginning in Bg, (Zq,0, A) and defined for backward time at 
most 6(A). Since the curvature is pinched toward positive, it follows that there is a 
bound D(A) depending only on D’(A) to |Rm| on the same flow lines. O 





CLAIM 17.10. After passing to a subsequence (in a), either: 


(1) for each A < oo there are D(A) < o0 and t(A) > 0 such that for all a 
sufficiently large Pa, (Za,0, A, —t(A)) exists in M,, and |Rm| is bounded by 
D(A) on this backward parabolic neighborhood, or 

(2) each xq has a strong (C,€)-canonical neighborhood. 


ProoF. First notice that if there is t(A) > 0 for which the backwards parabolic 
neighborhood P = Pe (Za,0,A,—t(A)) exists, then, by Claim [17.9] there are con- 
stants D(A) < co and 6(A) > 0 such that, replacing t(A) by min(t(A), 6(A)), |Rm] is 
bounded by D(A) on P. Thus, either Item (1) holds or passing to a subsequence, we 
can suppose that there is some A < oo for which no t(A) > 0 as required by Item (1) 
exists. Then, for each a we find a point ya € Bg, (%a,0, A) such that the backwards 
flow line from y, meets a surgery cap at a time —t, where lim,_,..(t,) = 0. Then, 
by the previous claim, for all a sufficiently large, the sectional curvature along any 
backward flow line beginning in Ba, (Za,0, A) and defined for backward time t, is 
bounded by a constant D(A) independent of a. Under our assumption this means 
that for all a sufficiently large, there is a point ya € Bg, (Za,0, A) and a backwards 
flow line starting at yg ending at a point z, of a surgery cap, and the sectional 
curvature along this entire flow line is bounded by D(A) < oo. Thus, applying 
Lemma [17.7] produces the strong (C,€)-canonical neighborhood around 2, proving 
the claim. O 





But we are assuming that no x, has a strong (C, €)-canonical neighborhood. Thus, 
the consequence of the previous claim is that for each A < oo there is at(A) > 0 such 
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that for all a sufficiently large Pg (Za, 0, A, —t(A)) exists in M, and there is a bound, 
depending only on A for |Rm| on this backward parabolic neighborhood. Applying 
Theorem [5.11] we see that, after passing to a subsequence, there is a smooth limit 
(Moo; Joo; Zoo) to the zero time-slices (Ma, C., Zq). Clearly, since the curvatures of 
the sequence are pinched toward positive, this limit has non-negative curvature. 

Lastly, we show that (M.., 9.0.) has bounded curvature. By Part 3 of Propo- 
sition each point of (Moo, 900) with scalar curvature greater than one has a 
(2C;, 2e)-canonical neighborhood. If a point lies in an 2e-component or in a 2C- 
component, then M., is compact, and hence clearly has bounded curvature. Thus, 
we can assume that each y € My with R(y) > 1 is either the center of a 2e- 
neck or is contained in the core of a (2C,2e)-cap. According to Proposition [2.19] 
(Moo; Joo) does not contain 2e-necks of arbitrarily high curvature. It now follows 
then that (Moc, goo) there is a bound to the scalar curvature of any 2e-neck and of 
any (2C,2e)-cap, and hence it follows that (Moo, 90) has bounded curvature. 


CLAIM 17.11. Jf the constant t(A) > 0 cannot be chosen independent of A, then 
after passing to a subsequence, the tq have strong (C,€)-canonical neighborhoods. 


Proor. Let Q be the bound of the scalar curvature of (Mo, 90,0). Then 
by Lemma [11.2] there is a constant At > 0 such that if Re, (y,0) < 2Q, then the 
scalar curvature is bounded by 16Q on the backward flow line from y defined for any 
time < At. Suppose that there is A < oo and a subsequence of a for which there 
is a flow line beginning at a point ya € Ba, (Zq,0, A) defined for backward time at 
most At and ending at a point z, of a surgery cap. Of course, the fact that the 
scalar curvature of (Moo, 9.0) is at most Q implies that for all a sufficiently large, 
the scalar curvature of Bg (Za,0,A) is less than 2Q. This implies that for all a 
sufficiently large the scalar curvature along the flow line from y, to zq in a surgery 
cap is < 16Q. Now invoking Lemma [I7.7] we see that for all a sufficiently large the 
point Z_ has a strong (C,«)-canonical neighborhood. This is a contradiction, and 
this contradiction proves that we can choose t(A) > 0 independent of A. 0 





Since we are assuming that no x, has a strong (C,¢)-canonical neighborhood, 
this means that it is possible to find a constant t/ > 0 such that t(A) > t’ for all 
A < oo. Now let 0 < T’ < oo be the maximum possible value for such t’. Then 
for every A and every T < T’ the parabolic neighborhood Pe, (Zq,0, A, T) exists for 
all a sufficiently large. According to Theorem [11.8] after passing to a subsequence, 
there is a limiting flow (Moo, goo(t), 200), —-T’ < t < 0, and this limiting flow has 
bounded, non-negative curvature. If JT = oo, this limit is a «-solution, and hence 
the xq have strong (C,¢)-canonical neighborhoods for all a sufficiently large, which 
is a contradiction. 

Thus, we can assume that IT’ < oo. Let Q be the bound for the scalar curvature 
of this flow. Since J’ is maximal, for every t > T’, after passing to a subsequence, 
for all a sufficiently large there is A < oo and a backwards flow line, defined for 
a time less than ¢, starting at a point y, of Ba, (Z_,0, A) and ending at a point 
Zq of a surgery cap. Invoking Lemma [11.2] again, we see that for all a sufficiently 
large, the scalar curvature is bounded on the flow line from yg to zg by a constant 
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independent of a. Hence, as before, we see that for all a sufficiently large rg has a 
strong (C,€)-canonical neighborhood; again this is a contradiction. 

Hence, we have now shown that our assumption that the strong (C, €)-canonical 
neighborhood assumption fails for all rg and all 6g leads to a contradiction and 
hence is false. 

This completes the proof of Proposition O 





2. Surgery times don’t accumulate 


Now we turn to the proof of Theorem [15.9] Given surgery parameter sequences 
A; = {do,-.-, O;} 


Tj =1igeeytey 
Ke {eases dy}; 


we let rj41 and 6;4, be as in Proposition [I7.1] and then set «j4; = K(ri41) as in 
Proposition [16.1] Set 
Tiga = {Ti Pitt} 
Kita = {Ki, ni41} 
Aisi = {60,.--, 5:1, 0541, i412}. 
Of course, these are also surgery parameter sequences. 

Let 4: [0,7] — Rt be any non-increasing positive function and let (M,G) be a 
Ricci flow with surgery defined on (0,7) for some T' € [T;,7;41) with surgery control 
parameter 5. Suppose 6 < Aj; and that this Ricci flow with surgery satisfies the 
conclusion of Theorem with respect to these sequences on its entire interval of 
definition. We wish to extend this Ricci flow with surgery to one defined on [0, T’) for 
some 7’ with T < J’ < T;,, in such a way that 6 is the surgery control parameter 
and the extended Ricci flow with surgery continues to satisfy the conclusions of 
Theorem [15.9] on its entire interval of definition. 

We may as well assume that the Ricci flow (M,G) becomes singular at time T. 
Otherwise we would simply extend by Ricci flow to a later time T’. By Proposi- 
tion [[6.]]and Proposition [I7.1]this extension will continue to satisfy the conclusions 
of Theorem [15.9] on its entire interval of definition. If T > Tj11, then we have ex- 
tended the Ricci flow with surgery to time 7j41 as required and hence completed 
the inductive step. Thus, we may as well assume that T < Tj41. 

Consider the maximal extension of (M,G) to time T. Let T~ be the previous 
surgery time, if there is one, and otherwise be zero. If the T time-slice, Q(T), of 
this maximal extension is all of My-, then the curvature remains bounded as t 
approaches T from below. According to Proposition [4.12] this means that T is not 
a surgery time and we can extend the Ricci flow on (M7-,g(t)), T” <t<T,toa 
Ricci flow on (Mp-,g(t)), T~ <t< T" for the maximal time interval (i.e. so that 
the flow becomes singular at time T’ or T’ = co). But we are assuming that the 
flow goes singular at T. That is to say, Q(T) # Mp-. Then we can do surgery at 
time T using 5(T) as the surgery control parameter, setting p(T’) = rj416(T). Let 
(Mr,G(T)) be the result of surgery. If Q,r)(T) = 9, then the surgery process at 
time T removes all of Mr. In this case, the Ricci flow is understood to exist for all 
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time and to be empty for t > 7. In this case we have completed the extension to 
Tj41, and in fact all the way to T = oo, and hence completed the inductive step in 
the proof of the proposition. 

We may as well assume that Q,7)(T) # () so that the result of surgery is a 
non-empty manifold My. Then we use this compact Riemannian 3-manifold as the 
initial conditions of a Ricci flow beginning at time T. According to Lemma [15.11] 
the union along (2(T) at time T of this Ricci flow with (M,G) is a Ricci flow with 
surgery satisfying Assumptions (1) — (7) and whose curvature is pinched toward 
positive. 

Since the surgery control parameter d(t) is at most 6(rj41), the constant from 
Proposition for all t € [Tj-1, 7], since T < Tj41, and since the restriction of 
(M,G) to t~+({0,7;)) satisfies Proposition [6.1] we see by Proposition that 
the extended Ricci flow with surgery satisfies the conclusion of Theorem [15.9] on its 
entire time interval of definition. 

Either we can repeatedly apply this process, passing from one surgery time to 
the next and eventually reach T’ > Tj,1, which would prove the inductive step, or 
there is an unbounded number of surgeries in the time interval [T;, T;41). We must 
rule out the latter case. 


LEMMA 17.12. Given a Ricci flow with surgery (M,G) defined on [0,T) with 
T < Ty41 with surgery control parameter 6 a non-increasing positive function defined 
on [0,T;41] satisfying the hypotheses of Theorem[13.9 on its entire time-domain of 
definition, there is a constant N depending only on the volume of (Mo, g(0)), on 
Ti41, 0n Ti41, and on 6(Tj41) such that this Ricci flow with surgery defined on the 
interval [0,T) has at most N surgery times. 


Proor. Let (M:, 9(t)) be the ¢ time-slice of (M,G). If to is not a surgery time, 
then Vol(t) = Vol(M@;, g(t)) is a smooth function of t near to and 


er (to) =—- | Rdvol, 
dt Mig 





so that, because of the curvature pinching toward positive hypothesis, we have 
ul (to) < 6Vol(to). If to is a surgery time, then either M;, has fewer connected 
components than M, t~ OF we do a surgery in an e-horn of M, i In the latter case we 





remove the end of the e-horn, which contains the positive half of a d(to)-neck of scale 
h(to). We then sew in a ball with volume at most (1+ €)Kh°(to), where K < 0 is 
the universal constant given in Lemma([L2.3] Since h(to) < 3 (to)r(to) < d@r(to) and 
since we have chosen 4(tg) < 69 < K~?, it follows that this operation lowers volume 
by at least d~+h?(to)/2. Since 6(to) > 6(Ti41) > 0 and the canonical neighborhood 
parameter r at time tg is at least rj41 > 0, it follows that h(to) > h(Tj41) > 0. Thus, 
each surgery at time to < 7j41 along a 2-sphere removes at least a fixed amount of 
volume depending on 6(Tj41) and rj41. Since under Ricci flow the volume grows at 
most exponentially, we see that there is a bound depending only on 6(T7;41), Ti41, 
ri41 and Vol(Mpo,g(0)) to the number of 2-sphere surgeries that we can do in this 
time interval. On the other hand, the number of components at any time ¢ is at most 
No + S(t) — D(t) where No is the number of connected components of Mo, S(t) is 


2. SURGERY TIMES DON’T ACCUMULATE 397 


the number of 2-sphere surgeries performed in the time interval [0,t) and D(t) is the 
number of connected components removed by surgeries at times in the interval [0, t). 
Hence, there is a bound on the number of components in terms of No and S(T) that 
can be removed by surgery in the interval [0,7). Since the initial conditions are 
normalized, No is bounded by the volume of (Mo, g(0)). This completes the proof 
of the result. Oo 





This lemma completes the proof of the fact that for any T < T;,1, we encounter 
only a fixed bounded number surgeries in the Ricci flow with surgery from 0 to T. 
The bound depends on the volume of the initial manifold as well as the surgery 
constants up to time J;+4;. In particular, for a given initial metric (Mo, g(0)) there 
is a uniform bound, depending only on the surgery constants up to time 7j41, on 
the number of surgeries in any Ricci flow with surgery defined on a subinterval of 
(0, 7;41). It follows that the surgery times cannot accumulate in any finite interval. 
This completes the proof of Theorem [15.9 

To sum up, we have sequences A, K and r as given in Theorem Let 
6: [0,00) — R be a positive, non-increasing function with 6 < A. Let M bea 
compact 3-manifold that contains no embedded RP? with trivial normal bundle. 
We have proved that for any normalized initial Riemannian metric (Mo, go) there is 
a Ricci flow with surgery with time-interval of definition [0,0o) and with (Mo, go) as 
initial conditions. This Ricci flow with surgery is K-non-collapsed and satisfies the 
strong (C,¢)-canonical neighborhood theorem with respect to the parameter r. It 
also has curvature pinched toward positive. Lastly, for any T € [0,00) if there is a 
surgery at time T then this surgery is performed using the surgery parameters 6(T) 
and r(T’), where if T € [7j,Tj+1) then r(T) = ri4i. In this Ricci flow with surgery, 
there are only finitely many surgeries on each finite time interval. As far as we know 
there may be infinitely many surgeries in all. 


CHAPTER 18 


Finite-time extinction 


Our purpose in this chapter is to prove the following finite-time extinction the- 
orem for certain Ricci flows with surgery which, as we shall show below, when 
combined with the theorem on the existence of Ricci flows with surgery defined for 
all t € [0, co) (Theorem [I5.9), immediately yields Theorem [0.1] thus completing the 
proof of the Poincaré Conjecture and the 3-dimensional space-form conjecture. 


1. The result 


THEOREM 18.1. Let (M,g(0)) be a compact, connected normalized Riemannian 
3-manifold. Suppose that the fundamental group of M is a free product of finite 
groups and infinite cyclic groups. Then M contains no RP? with trivial normal 
bundle. Let (M,G) be the Ricci flow with surgery defined for all t € [0,00) with 
(M,9(0)) as initial conditions given by Theorem[15.9, This Ricci flow with surgery 
becomes extinct after a finite time in the sense that the time-slices Mr of M are 
empty for all T sufficiently large. 


Let us quickly show how this theorem implies our main result Theorem 


ProorF. (of Theorem [0.1] assuming Theorem [[8.1). Fix a normalized metric 
g(0) on M, and let (M,G) be the Ricci flow with surgery defined for all t € [0, 00) 
produced by Theorem [15.9] with initial conditions (M,g(0)). According to Theo- 
rem [18.1] there is T > 0 for which the time-slice Mr is empty. By Corollary [15.4] if 
there is T for which Mr is empty, then for any T’ < T the manifold Mz” is a dis- 
joint union of connected sums of 3-dimensional spherical space forms and 2-sphere 
bundles over St. Thus, the manifold M = Mp is a connected sum of 3-dimensional 
space-forms and 2-sphere bundles over S!. This proves Theorem [0.1] In particular, 
if M is simply connected, then M is diffeomorphic to S*, which is the statement of 
the Poincaré Conjecture. Similarly, if 71(J/) is finite then M is diffeomorphic to a 
connected sum of a 3-dimensional spherical space-form and 3-spheres, and hence 
is diffeomorphic to a 3-dimensional spherical space-form. O 


The rest of this chapter is devoted to the proof of Theorem which will then 
complete the proof of Theorem 





1.1. History of this approach. The basic idea for proving finite-time extinc- 
tion is to use a min-max function based on the area (or the closely related energy) of 
2-spheres or 2-disks in the manifold. The critical points of the energy functional are 
harmonic maps and they play a central role in the proof. For a basic reference on 
harmonic maps see [59], [61], and [42]. Let us sketch the argument. For a compact 
Riemannian manifold (IM, g) every non-zero element 3 € 72(M) has associated with 
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it an area, denoted W2(3, 9), which is the infimum over all maps S? — M in the free 
homotopy class of 3 of the energy of the map. We find it convenient to set W2(g) 
equal to the minimum over all non-zero homotopy classes 3 of W2(G,g). In the 
case of a Ricci flow g(t) there is an estimate (from above) for the forward difference 
quotient of W2(g(t)) with respect to t. This estimate shows that after a finite time 
W2(g(t)) must go negative. This is absurd since W2(g(t)) is always non-negative. 
This means that the Ricci flow cannot exist for all forward time. In fact, using the 
distance-decreasing property for surgery in Proposition [15.12] we see that, even in a 
Ricci flow with surgery, the same forward difference quotient estimate holds for as 
long as 72 continues to be non-trivial, i.e., is not killed by the surgery. The forward 
difference quotient estimate means that eventually all of z is killed in a Ricci flow 
with surgery and we arrive at a time T' for which every component of the T' time- 
slice, Mv, has trivial 72. This result holds for all Ricci flows with surgery satisfying 
the conclusion of Theorem [15.9 

Now we fix Jp so that every component of M7, has trivial 72. It follows easily 
from the description of surgery that the same statement holds for all T > To. We 
wish to show that, under the group-theoretic hypothesis of Theorem [18.1] at some 
later time T’ > Tp the time-slice Mz: is empty. The argument here is similar in 
spirit. There are two approaches. The first approach is due to Perelman [54]. 
Here, one represents a non-trivial element in 73(M7,, x0) by a non-trivial element in 
m™2(AM, *), where AM is the free loop space on M and + is the trivial loop at x9. For 
any compact family [ of homotopically trivial loops in M we consider the areas of 
minimal spanning disks for each of the loops in the family and set W (I) equal to the 
maximal area of these minimal spanning disks. For a given element in y € 72(AM) 
we set W(y) equal to the infimum over all representative 2-sphere families I for y of 
W(I). Under Ricci flow, the forward difference quotient of this invariant satisfies an 
inequality and the distance-decreasing property of surgery (Proposition [15.12) says 
that the inequality remains valid for Ricci flow with surgery. The inequality implies 
that the value W(y) goes negative in finite time, which is impossible. 

The other approach, by Colding-Minicozzi [15], is to represent a non-trivial el- 
ement in 73(Mr) as a non-trivial element in 7(Maps($?,M)), and associate to 
such an element the infimum over all representative families of the maximal energy 
of the 2-spheres in the family. Again, one shows that under Ricci flow the for- 
ward difference quotient of this minimax satisfies an inequality that implies that it 
goes negative in finite time. As before, the distance-decreasing property of surgery 
(Proposition [15.12) implies that this inequality is valid for Ricci flows with surgery. 
This tells us that the manifold must completely disappear in finite time. 

Our first reaction was that, of the two approaches, the one considered by Colding- 
Minicozzi was preferable since it seemed more natural and it had the advantage of 
avoiding the boundary issues that occupy most of Perelman’s analysis in [54]. In 
the Colding-Minicozzi approach one must construct paths of 2-spheres with the 
property that when the energy of the 2-sphere is close to the maximum value along 
the path, then the 2-sphere in question represents a point in the space Maps($7, M) 
that is close to a (usually) non-minimal critical point for the energy functional 
on this space. Such paths are needed in order to establish the forward difference 
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quotient result alluded to above. In Perelman’s approach, one deals only with area- 
minimizing disks so that one avoids having to deal with non-minimal critical points 
at the expense of dealing with the technical issues related to the boundary. Since 
the latter are one-dimensional in nature, they are much easier to handle. In the 
end we decided to follow Perelman’s approach, and that is the one we present here. 
In there were two points that we felt required quite a bit of argument beyond 
what Perelman presented. In §2.2 on page 4 of [54], Perelman asserts that there is a 
local, pointwise curvature estimate that can be obtained by adapting arguments in 
the literature; see Lemmas [18.52] and [18-86] for the precise statement. To implement 
this adaption required further non-trivial arguments. We present these arguments in 
Section [7] In §2.5 on page 5 of Perelman asserts that an elementary argument 
establishes a lower bound on the length of a boundary curve of a minimal annulus; 
see Proposition [18.63] for a precise statement. While the statement seems intuitively 
clear, we found the argument, while elementary, was quite intricate. We present this 
argument in Section [6] 

The first use of these types of ideas to show that geometric objects must disappear 
in finite time under Ricci flow is due to Hamilton [36]. He was considering a situation 
where a time-slice (1M, g(to)) of a 3-dimensional Ricci flow had submanifolds on 
which the metric was close to (a truncated version) of a hyperbolic metric of finite 
volume. He wished to show that eventually the boundary tori of the truncation were 
incompressible in the 3-manifold. If not, then there would be an immersed minimal 
disk in M whose boundary was a non-trivial loop on the torus. He represented this 
relative homotopy class by a minimal energy disk in (M, g(to)) and proved the same 
sort of forward difference quotient estimate for the area of the minimal disk in the 
relative homotopy class. The same contradiction — the forward difference quotient 
implies that after a finite time the area would go negative if the disk continued 
to exist — implies that after a finite amount of time this compressing disk must 
disappear. Using this he showed that for sufficiently large time all the boundary 
tori of almost hyperbolic submanifolds in (M, g(t)) were incompressible. 

In the next section we deal with 72 and, using W2, we show that given a Ricci 
flow with surgery as in Theorem [15.9] there is T; < oo such that for all T > T, 
every connected component of Mr has trivial 72. Then in the section after that, by 
analyzing W3, we show that, under the group-theoretic hypothesis of Theorem [8.1] 
there is a Ty < oo such that Mp = 0 for all T > 7. In both these arguments we need 
the same type of results — a forward difference inequality for the energy function; 
the statement that away from surgery times this function is continuous; and lastly, 
the statement that the value of the energy function at a surgery time is at most the 
liminf of its values at a sequence of times approaching the surgery time from below. 


1.2. Existence of the Ricci flow with surgery. Let (M/,g(0)) be as in the 
statement of Theorem [18.1] so that M is a compact, connected 3-manifold whose 
fundamental group is a free product of finite groups and infinite cyclic groups. By 
scaling g(0) by a sufficiently large constant, we can assume that g(0) is normalized. 
Let us show that such a manifold cannot contain an embedded RP? with trivial 
normal bundle. First note that since RP? has Euler characteristic one, it is not the 
boundary of a compact 3-manifold. Hence, an RP? embedded with trivial normal 
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bundle does not separate the connected component of M containing it. Also, any 
non-trivial loop in RP? has non-trivial normal bundle in M so that inclusion of 
RP? into M induces an injection on fundamental groups. Under the fundamental 
group hypotheses, 4 decomposes as a connected sum of 3-manifolds with finite 
fundamental groups and 2-sphere bundles over S', see [39]. Given an RP? with 
trivial normal bundle embedded in a connected sum, it can be replaced by one 
contained in one of the connected factors. [Proof: Let © = 4, U---UX, be the 
spheres giving the connected sum decomposition of M. Deform the RP? until it is 
transverse to D and let y be a circle of intersection of RP? with one of the }; that 
is innermost on ¥); in the sense that y bounds a disk D in %; disjoint from all other 
components of intersection of ©; and RP?. The loop y also bounds a disk D’ in 
IRP?. Replace D’ by D and push D slightly off to the correct side of 4. This will 
produce a new embedded RP? with trivial normal bundle in M and at least one 
fewer component of intersection with ©. Continue inductively until all components 
of intersection with © are removed.| 

Now suppose that we have an RP? with trivial normal bundle embedded disjointly 
from %, and hence embedded in one of the prime factors of M. Since it does not 
separate this factor, by the Mayer-Vietoris sequence (see p. 149 of [88]) the first 
homology of the factor in question maps onto Z and hence the factor in question 
has infinite fundamental group. But this group also contains the cyclic subgroup of 
order two, namely the image of 71(IRP?) under the map induced by the inclusion. 
Thus, the fundamental group of this prime factor is not finite and is not infinite 
cyclic. This is a contradiction. (We have chosen to give a topological argument for 
this result. There is also an argument using the theory of groups acting on trees 
which is more elementary in the sense that it uses no 3-manifold topology. Since it is 
a more complicated, and to us, a less illuminating argument, we decided to present 
the topological argument.) 

Thus, by Theorem[I5.9} for any compact 3-manifold M whose fundamental group 
is a free product of finite groups and infinite cyclic groups and for any normalized 
metric g(0) on M there is a Ricci flow with surgery (M,G) defined for all time 
t € [0,00) satisfying the conclusion of Theorem [15.9] with (1, g(0)) as the initial 
conditions. 


DEFINITION 18.2. Let J be an interval (which is allowed to be open or closed 
at each end and finite or infinite at each end). By a path of components of a Ricci 
flow with surgery (M,G) defined for all t € J we mean a connected, open subset 
X ct -'(Z) with the property that for every t € I the intersection ¥(t) of ¥ with 
each time-slice M; is a connected component of M;. 


Let ¥ be a path of components in a Ricci flow with surgery (M,G), a path 
defined for all t € J. Let I’ be a subinterval of J with the property that no point 
of I’ except possibly its initial point is a surgery time. Then the intersection of V 
with t~1(J’) is the Ricci flow on the time interval I’ applied to 4(t) for any t € I’. 
Thus, for such intervals J’ the intersection, V(J'), of ¥ with t~!(J’) is determined 
by the time-slice V(t) for any t € I’. That is no longer necessarily the case if some 
point of I’ besides its initial point is a surgery time. Let t € J be a surgery time, 
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distinct from the initial point of I (if there is one), and let I’ C I be an interval of 
the form [t’, t) for some t’ < t sufficiently close to t so that there are no surgery times 
in [t’,t). Then, as we have just seen, V(J’) is a Ricci flow on the connected manifold 
X(t’). There are several possible outcomes of the result of surgery at time t on 
this manifold. One possibility is that the surgery leaves this connected component 
unchanged (affecting only other connected components). In this case, there is no 
choice for V(t): it is the continuation to time t of the Ricci flow on ¥(t’). Another 
possibility is that V(t’) is completely removed by the surgery at time t. In this case 
the manifold ¥ cannot be continued to time t, contradicting the fact that the path 
of components 4% exists for all t € J. The last possibility is that at time t surgery 
is done on X(t’) using one or more 2-spheres contained in ¥(t’). In this case the 
result of surgery on ¥(t’) results in one or several connected components and 4 (t) 
can be any one of these. 


2. Disappearance of components with non-trivial 72 


Let (M,G) be a Ricci flow with surgery satisfying the conclusions of Theo- 
rem We make no assumptions about the fundamental group of the initial 
manifold Mo. In this section we shall show that at some finite time 7 every con- 
nected component of M7, has trivial 72 and that this condition persists for all times 
T > T,. There are two steps in this argument. First, we show that there is a finite 
time Jo such that after time Jo every 2-sphere surgery is performed along a ho- 
motopically trivial 2-sphere. (Using Kneser’s theorem on finiteness of topologically 
non-trivial families of 2-spheres, one can actually show by the same argument that 
after some finite time all 2-sphere surgeries are done along 2-spheres that bound 
3-balls. But in fact, Kneser’s theorem will follow from what we do here.) 

After time 7p the number of components with non-trivial 72 is a weakly mono- 
tone decreasing function of time. The reason is the following. Consider a path of 
components 4 defined for t € [TZ,t’] with the property that each time-slice *¥ (t) 
has non-trivial 72. Using the fact that after time Jo all the 2-sphere surgeries are 
along homotopically trivial 2-spheres, one shows easily that VY is determined by its 
initial time-slice (TZ). Also, it is easy to see that if there is a component of My 
with non-trivial 72, then it is the final time-slice of some path of components defined 
for t € [To,t’] with every time-slice of this path having non-trivial 72. This then 
produces an injection from the set of connected components of M; with non-trivial 
m2 into the set of connected components of M7, with non-trivial 7. 

The second step in the argument is to fix a path V(t), To <t <?t’, of connected 
components with non-trivial 72 and to consider the function W2 = W;* that assigns 
to each t € [T, t’] the minimal area of a homotopically non-trivial 2-sphere mapping 
into V(t). We show that this function is continuous except at the surgery times. 
Furthermore, we show that if t is a surgery time, then W(t) < liminf,_,,-Wo(t). 
Lastly, we show that at any point t > 7p we have 

Ba 6) < Am — A Rint) Wald 
in the sense of forward difference quotients. It follows easily from the bound Rmin(t) > 


—6/(4t +1) that there is T\(4’) such that W2 with these three properties cannot be 


404 18. FINITE-TIME EXTINCTION 


non-negative for all t € [To,7i(%)] and hence t’ < Tj. Since there are only finitely 
many components with non-trivial 72 at time 7p it follows that there is T; < co 
such that every component of Mr has trivial 72 for every T > T}. 


2.1. A group-theory lemma. To bound the number of homotopically non- 
trivial 2-spheres in a compact 3-manifold we need the following group theory lemma. 


LEMMA 18.3. Suppose that G is a finitely generated group, say generated by k 
elements. Let G = G1 *---*G¢ be a free product decomposition of G with non-trivial 
free factors, i.e., with G; A {1} for eachi=1,...,@. Then€<k. 


PROOF. This is a consequence of Grushko’s theorem [68], which says that given a 
map of a finitely generated free group F onto the free product G, one can decompose 
the free group as a free product of free groups fF = Fy *--- * Fy with F; mapping 
onto Gj. Oo 





2.2. Homotopically non-trivial families of 2-spheres. 


DEFINITION 18.4. Let X be a compact 3-manifold (possibly disconnected). An 
embedded 2-sphere in X is said to be homotopically essential if the inclusion of 
the 2-sphere into X is not homotopic to a point map of the 2-sphere to X. More 
generally, let F = {%),...,4,} be a family of disjointly embedded 2-spheres in X. 
We say that the family is homotopically essential if 

(i) each 2-sphere in the family is homotopically essential, and 
(ii) for any 1 <i <j <n, the inclusion of 4; into X is not homotopic in X to 
the inclusion of 4; into X. 


Notice that if F = {%),...,,} is a homotopically essential family of disjointly 
embedded 2-spheres in X, then any subset F' is also homotopically essential. 


LEMMA 18.5. Let X be a compact 3-manifold (possibly disconnected). Then there 
is a finite upper bound to the number of spheres in any homotopically essential family 
of disjointly embedded 2-spheres. 


PRooF. Clearly, without loss of generality we can assume that X is connected. 
If F is a homotopically essential family of 2-spheres in X, then by van Kampen’s 
theorem, see p. 40 of [38], there is an induced graph of groups decomposition of 
m™1(X) with all the edge groups being trivial. Since the family is homotopically 
essential, it follows that the group associated with each vertex of order 1 and each 
vertex of order 2 is non-trivial group. The rank of the first homology of the graph 
underlying the graph of groups, denoted k, is bounded above by the rank of H,(X). 
Furthermore, by the theory of graphs of groups there is a free product decomposition 
of 71(X) with the free factors being the vertex groups and then k infinite cyclic 
factors. Denote by V; the number of vertices of order i and by E the number of 
edges of the graph. The number F is the number of 2-spheres in the family F’. An 
elementary combinatorial argument shows that 


2V, + Vo > E+3(1—k). 


Thus, we have a free product decomposition of 7;(X) with at least E+3(1—k) non- 
trivial free factors. Since k is bounded by the rank of H)(X), applying Lemma[I8.3 
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and using the fact that the fundamental group of a compact manifold is finitely 
presented establishes the result. O 





2.3. Two-sphere surgeries are trivial after finite time. 


DEFINITION 18.6. Let (M,G) bea Ricci flow with surgery. We say that a surgery 
along a 2-sphere So(t) at time ¢ in (M,G) is a homotopically essential surgery if, 
for every t' < t sufficiently close to t, flowing So(t) backwards from time ¢ to time ¢’ 
results in a homotopically essential 2-sphere S(t’) in My. 


PROPOSITION 18.7. Let (M,G) be a Ricci flow with surgery satisfying Assump- 
tions (1) — (7) in Chapter|14} Then there can be only finitely many homotopically 
essential surgeries along 2-spheres in (M,G). 


Proor. Associate to each compact 3-manifold X the invariant s(X) which is 
the maximal number of spheres in any homotopically essential family of embedded 
2-spheres in X. The main step in establishing the corollary is the following: 


CLAIM 18.8. Let (M,G) be a Ricci flow with surgery and for each t set s(t) = 
s(M;z). If t! < t then s(t’) > s(t). If we do surgery at time t along at least one 
homotopically essential 2-sphere, then s(t) < s(t’) for anyt’ < t. 


PROOF. Clearly, for any to we have s(t) = s(to) for t > to sufficiently close to 
to. Also, if t is not a surgery time, then s(t) = s(t’) for all t’ < t and sufficiently 
close to t. According to Proposition if t is a surgery time then for t/ < t but 
sufficiently close to it, the manifold M; is obtained from M, by doing surgery on a 
finite number of 2-spheres and removing certain components of the result. We divide 
the operations into three types: (i) surgery along homotopically trivial 2-spheres in 
My, (ii) surgery along homotopically non-trivial 2-spheres in M;,, (iii) removal of 
components. Clearly, the first operation does not change the invariant s since it 
simply creates a manifold that is the disjoint union of a manifold homotopy equiv- 
alent to the original manifold with a collection of homotopy 3-spheres. Removal of 
components will not increase the invariant. The last operation to consider is surgery 
along a homotopically non-trivial 2-sphere. Let F; be a homotopically essential fam- 
ily of disjointly embedded 2-spheres in M;. This family of 2-spheres in M; can be 
deformed to miss the 3-disks (the surgery caps) in M; that we sewed in doing the 
surgery at time ¢ along a homotopically non-trivial 2-sphere. After deforming the 
spheres in the family F; away from the surgery caps, they produce a disjoint family 
Fi, of 2-spheres in the manifold My, for t’ < t but t’ sufficiently close to t. Each 
2-sphere in Fy, is disjoint from the homotopically essential 2-sphere So along which 
we do surgery at time t. Let Fy be the family Fj, U{So}. We claim that Fy is a 
homotopically essential family in My. 

First, suppose that one of the spheres © in Fy is homotopically trivial in My. Of 
course, we are in the case when the surgery 2-sphere is homotopically essential, so U 
is not Sp and hence is the image of one of the 2-spheres in F;. Since © is homotopi- 
cally trivial, it is the boundary of a homotopy 3-ball B in My. If B is disjoint from 
the surgery 2-sphere So, then it exists in M; and hence » is homotopically trivial in 
M:, which is not possible from the assumption about the family F;. If B meets the 
surgery 2-sphere Sop, then since the spheres in the family Fy are disjoint, it follows 
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that B contains the surgery 2-sphere Sg. This is not possible since in this case So 
would be homotopically trivial in M,, contrary to assumption. 

We also claim that no distinct members of Fy are homotopic. For suppose that 
two of the members © and »’ are homotopic. It cannot be the case that one of 
» or \’ is the surgery 2-sphere So since, in that case, the other one would be 
homotopically trivial after surgery, i.e., in M;. The 2-spheres © and »’ are the 
boundary components of a submanifold A in M, homotopy equivalent to S? x I. 
If A is disjoint from the surgery 2-sphere Sp, then A exists in M; and © and >’ 
are homotopic in M;, contrary to assumption. Otherwise, the surgery sphere So 
must be contained in A. Every 2-sphere in A is either homotopically trivial in 
A or is homotopic in A to either boundary component. If Sg is homotopically 
trivial in A, then it would be homotopically trivial in My and this contradicts our 
assumption. If So is homotopic in A to each of © and »’, then each of © and 
>’ is homotopically trivial in My, contrary to assumption. This shows that the 
family Fy is homotopically essential. It follows immediately that doing surgery on 





a homotopically non-trivial 2-sphere strictly decreases the invariant s. O 
Proposition is immediate from this claim and the previous lemma. O 


2.4. For all T sufficiently large 72(Mr) = 0. We have just established that 
given any Ricci flow with surgery (M,G) satisfying the conclusion of Theorem [15.9] 
there is Ty < oo, depending on (M,G), such that all surgeries after time To either are 
along homotopically trivial 2-spheres or remove entire components of the manifold. 
Suppose that My, has a component (Zo) with non-trivial 72, and suppose that 
we have a path of components ¥(t) defined for t € [7Zp,7) with the property that 
each time-slice has non-trivial 72. If T is not a surgery time, then there is a unique 
extension of Y to a path of components with non-trivial w2 defined until the first 
surgery time after J’. Suppose that T is a surgery time and let us consider the effect 
of surgery at time T on X(t) for t < T but close to it. Since no surgery after time Tp 
is done on a homotopically essential 2-sphere there are three possibilities: (i) ¥(t) 
is untouched by the surgery, (ii) surgery is performed on one or more homotopically 
trivial 2-spheres in ¥(t), or (iii) the component 4 (t) is completely removed by the 
surgery. In the second case, the result of the surgery on 4(t) is a disjoint union of 
components one of which is homotopy equivalent to 4(t), and hence has non-trivial 
m2, and all others are homotopy 3-spheres. This implies that there is a unique 
extension of the path of components preserving the condition that every time-slice 
has non-trivial 72, unless the component ¥(t) is removed by surgery at time T, in 
which case there is no extension of the path of components to time J’. Thus, there 
is a unique maximal such path of components starting at V(7Zo) with the property 
that every time-slice has non-trivial 72. There are two possibilities for the interval of 
definition of this maximal path of components with non-trivial 72. It can be [Tp, 00) 
or it is of the form [7p, 7), where the surgery at time T removes the component % (t) 
for t < T sufficiently close to it. 


PROPOSITION 18.9. Let (M,G) be a Ricci flow with surgery satisfying the conclu- 
sion of Theorem|15.9, Then there is some time T, < oo such that every component 
of Mr for any T > Ty has trivial m2. For every T > T,, each component of Mr 
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either has finite fundamental group, and hence has a homotopy 3-sphere as universal 
covering, or has contractible universal covering. 


If M is a connected 3-manifold with 72(M) = 0, then the universal covering, 
M , of M is a 2-connected 3-manifold. The covering M is compact if and only if 
71(M) is finite. In this case Misa homotopy 3-sphere. If M is non-compact then 
H3(M ) = 0, so that all its homology groups and hence, by the Hurewicz theorem, 
all its homotopy groups vanish. It follows from the Whitehead theorem that M is 
contractible in this case. This proves the last assertion in the proposition modulo 
the first assertion. 

The proof of the first assertion of this proposition occupies the rest of this sub- 
section. By the above discussion we see that the proposition holds unless there is 
a path of components 4 defined for all t € [Zo,0o) with the property that every 
time-slice has non-trivial 72. We must rule out this possibility. To achieve this we 
introduce the area functional. 


LEMMA 18.10. Let X be a compact Riemannian manifold with 72(X) 40. Then 
there is a positive number eg = eo(X) with the following two properties: 
(1) Any map f: S* + X with area less than e9 is homotopic to a point map. 
(2) There is a minimal 2-sphere f: 8? — X, which is a branched immersion, 
with the property that the area of f(S*) = eo and with the property that f 
is not homotopic to a point map. 


PRooF. The first statement is Theorem 3.3 in [59]. As for the second, following 
Sacks-Uhlenbeck, for any a > 1 we consider the perturbed energy EF, given by 


E.(s) = I. (1 + |ds|?)° da. 


According to [59] this energy functional is Palais-Smale on the space of H'?% maps 
and has an absolute minimum among homotopically non-trivial maps, realized by a 
map Sq: S? — X. We consider a decreasing sequence of a tending to 1 and the min- 
imizers s, among homotopically non-trivial maps. According to [59], after passing 
to a subsequence, there is a weak limit which is a strong limit on the complement 
of a finite set of points in S?. This limit extends to a harmonic map of S? > M, 
and its energy is less than or equal to the limit of the a-energies of sq. If the result 
is homotopically non-trivial then it realizes a minimum value of the usual energy 
among all homotopically non-trivial maps, for were there a homotopically non-trivial 
map of smaller energy, it would have smaller Eq energy than sq for all a@ sufficiently 
close to 1. Of course if the limit is a strong limit, then the map is homotopically 
non-trivial, and the proof is complete. 

We must examine the case when the limit is truly a weak limit. Let s, be a 
sequence as above with a weak limit s. If the limit is truly a weak limit, then there 
is bubbling. Let x € S$? be a point where the limit s is not a strong limit. Then ac- 
cording to pre-composing with a sequence of conformal dilations p,, centered at 
this point leads to a sequence of maps s/, converging uniformly on compact subsets 
of R? to a non-constant harmonic map s’ that extends over the one-point compacti- 
fication S?. The energy of this limiting map s’ is at most the limit of the a-energies 
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of the sg. If s’ is homotopically non-trivial, then, arguing as before, we see that it 
realizes the minimum energy among all homotopically non-trivial maps, and once 
again we have completed the proof. We rule out the possibility that s’ is homotopi- 
cally trivial. Let a be the area, or equivalently the energy, of s’. Let D C R? be 
a disk centered at the origin which contains three-quarters of the energy of s’ (or 
equivalently three-quarters of the area of s’), and let D’ be the complementary disk 
to D in S?. For all n sufficiently large the area of s/,|D minus the area of s/|D’ is 
at least a/3. The restrictions of s/, on OD are converging smoothly to s’|OD’. Let 
Dn CS? be p;,'(D). Then the area of s;,|D,, equals the area of s’,|D and hence is at 
least the area of s’|D’ plus a//4 for all n sufficiently large. Also, as n tends to infinity 
the image s,(D,) converges smoothly, after reparameterization, to s‘(0D). Thus, 
for all n large, we can connect s,(0D,,) to s‘(0D’) by an annulus A,, contained in a 
small neighborhood of s’(0D’) and whose area tends to 0 as n goes to infinity. For all 
n sufficiently large, the resulting 2-sphere ©, made out of s,,|(5? \Dn)U An US’(D’) 
is homotopic to s(S*) since s’ is homotopically trivial. Also, for all n sufficiently 
large, the area of %,, is less than the area of s,, minus a/5. Reparameterizing this 
2-sphere by a conformal map leads to a homotopically non-trivial map of energy less 
than the area of s, minus a/5. Since as n tends to infinity, the limsup of the areas 
of the s, converge to at most eg, for all n sufficiently large we have constructed a 
homotopically non-trivial map of energy less than eg, which contradicts the fact that 
the minimal a energy for a homotopically non-trivial map tends to eg as a tends to 
1. 

Of course, any minimal energy map of $? into M is conformal because there is 
no non-trivial holomorphic quadratic differential on $?. It follows that such a map 
is a branched immersion. O 





Now suppose that Y is a path of components defined for all t € [Zp,co) with 
mo(4(t)) A 0 for all t € [Tp,00). For each t > To we define W2(t) to be eo(A(t)), 
where eg is the invariant given in the previous lemma. Our assumption on ¥ means 
that W2(t) is defined and positive for all t € [T, 00). 


LEMMA 18.11. 
d 1 
—W,(t) < —4r — = Rmin(t)W2(t) 
dt 2 
in the sense of forward difference quotients. If t is not a surgery time, then Wo(t) 
is continuous att, and if t is a surgery time, then 
W2 (t) < liminfy _.+- W(t’). 


Let us show how this lemma implies Proposition [18.9} Because the curvature is 
pinched toward positive, we have 


Rmin(t) > (—6)/(1 + 4t). 
Let w2(t) be the function satisfying the differential equation 


dwe 3w2 
er | 
di "TTT ae 
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and w2(Tp) = W2(To). Then by Lemma and Lemma [18.11] we have W2(t) < 
w(t) for all t > 7. On the other hand, we can integrate to find 

(4 + 1)3/4 
(4Tp + 1)3/4 


Thus, for ¢ sufficiently large, w(t) < 0. This is a contradiction since W2(t) is always 
positive, and W2(t) < w(t). 

This shows that to complete the proof of Proposition we need only establish 
Lemma 


Proor. (of Lemma[I8.11) Let f: 9? — (X(to),g(to)) be a minimal 2-sphere. 
CLAIM 18.12. 


w(t) = we(Tp) + Ar (4Tg +1)" (46 4+-1)°" = ae + 1). 


dArea,(1)(f(S7)) 1 
to) <a> 5 Finin (9(to) )Areag (ig) f(S°). 
Proor. Recall that, for any immersed surface f: $7 — (M,g(to)), we have 
({Ha]) 
d . _ 1 Og 
(18.1) a tePa(t) (f(S ) = _ I. 5 Hls2 ($*) 4 


= - [ e- Rice wide 


where R denotes the scalar curvature of M, Ric is the Ricci curvature of M, and n 
is the unit normal vector field of © in M. Now suppose that f($?) is minimal. We 
can rewrite this as 


d u 2 
(18.2) SAreag(F(S?))|iao = - [ | Kgada~ 5 [ (AP + R)da, 


where Kg2 is the Gaussian curvature of S? and A is the second fundamental form 
of f(S*) in M. (Of course, since f(.$7) is minimal, the determinant of its second 
fundamental form is —|A|?/2.) Even if f is only a branched minimal surface, 
still holds when the integral on the right is replaced by the integral over the immersed 
part of f(S”). Then by the Gauss-Bonnet theorem we have 


d 1 : 
(18.3) Area) (Shinra < —4n — 5 Areag(i)(S") min{ Ry (x, to)}. 





O 


Since f ($7) is a homotopically non-trivial sphere in ¥(t) for all t sufficiently close 
to to we see that W(t) < Area, (t) f (S”). Since Areag(t) f (5) is a smooth function 
of t, the forward difference quotient statement in Lemma [8.11] follows immediately 
from Claim [18.12] 

We turn now to continuity at non-surgery times. Fix t/ > To distinct from all 
surgery times. We show that the function e9(t’) is continuous at t’. If f: $2 + X(t’) 
is the minimal area, homotopically non-trivial sphere, then the area of f($?) with 
respect to a nearby metric g(t) is close to the area of f(S”) in the metric g(t’). 
Of course, the area of f($”) in the metric g(t) is greater than or equal to W2(t). 
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This proves that W2(t) is upper semi-continuous at t’. Let us show that it is lower 
semi-continuous at t’. 


CLAIM 18.13. Let (M,g(t)), to <t< ti, be a Ricci flow on a compact manifold. 
Suppose that |Ricgy)| < D for allt € [to,ti] Let f: S? — (M,g(to)) be a C1-map. 
Then 


Areagy,)f(S7) < Areagy,) f(S?)etPG—)., 


ProoF. The rate of change of the area of f($7) at time t is 


Og 
dias ae — ls Trlrs2(Ricg))da < 4DAreag( {(S°). 





Integrating from tg to t, gives the result. O 


Now suppose that we have a family of times t,, converging to a time ?t’ that is not 
a surgery time. Let f,: S$? — 4(tn) be the minimal area non-homotopically trivial 
2-sphere in V(t,), so that the area of f,(S%) in ¥(tn) is eo(tn). Since t’ is not a 
surgery time, for all n sufficiently large we can view the maps f, as homotopically 
non-trivial maps of S$? into V(t’). By the above claim, for any 6 > 0 for all n 
sufficiently large, the area of f,(S%) with respect to the metric g(t’) is at most the 
area of f,(S”) plus 6. This shows that for any 6 > 0 we have W2(t’) < Wo(tn) + 6 
for all n sufficiently large, and hence W2(t’) < liminf,..~5W2(t,). This is the lower 
semi-continuity. 

The last thing to check is the behavior of W2 near a surgery time t. According to 
the description of the surgery process given in Section[4] we write V(t) as the union 
of a compact subset C(t) and a finite number of surgery caps. For every t’ < t suffi- 
ciently close to t we have an embedding ny: C(t) = C(t’) C X(t’) given by flowing 
C(t) backward under the flow to time t’. As t/ + t the maps 7 converge in the 
C™-topology to isometries, in the sense that the nj (g(t’))|cq@) converge smoothly 
to g(t)|cq). Furthermore, since the 2-spheres along which we do surgery are homo- 
topically trivial they separate My. Thus, the maps nj": C(t’) > C(t) extend to 
maps wy: X(t!) > X(t). The image under yy of V(t’) \ C(t’) is contained in the 
union of the surgery caps. Clearly, since all the 2-spheres on which we do surgery at 
time ¢ are homotopically trivial, the maps ~y are homotopy equivalences. If follows 
from Proposition [15.12] that for any 7 > 0 for all ¢’ < t sufficiently close to t, the 
map wy: V(t’) > X(t) is a homotopy equivalence that is a (1 + 7)-Lipschitz map. 
Thus, given 7 > 0 for all ¢’ < ¢ sufficiently close to t, for any minimal 2-sphere 
f: S* > (X(t’), g(t’) the area of wy o f: S? — (X(t), g(t)) is at most (1+)? times 
the area of f($7). Thus, given 7 > 0 for all t’ < t sufficiently close to t we see that 
Wa(t) < (1+ )?Wa(t'). Since this is true for every 7 > 0, it follows that 


W2 (t) < liminfy_,+- Wo (t’). 


This establishes all three statements in Proposition and completes the proof 
of the proposition. 

As an immediate corollary of Proposition [18.9] we obtain the sphere theorem for 
closed 3-manifolds. 
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COROLLARY 18.14. Suppose that M is a closed, connected 3-manifold containing 
no embedded RP? with trivial normal bundle, and suppose that 72(M) # 0. Then 
either M can be written as a connected sum M,#:M2 where neither of the M; is 
homotopy equivalent to S*? or M, has a prime factor that is a 2-sphere bundle over 
S!. In either case, M contains an embedded 2-sphere which is homotopically non- 
trivial. 


ProoF. Let M be as in the statement of the corollary. Let g be a normalized 
metric on M, and let (M,G) be the Ricci flow with surgery defined for all time with 
(M, g) as initial conditions. According to Proposition [18.9] there is T < oo such that 
every component of Mr has trivial 72. Thus, by the analysis above, we see that there 
must be surgeries that kill elements in 72: either the removal of a component with 
non-trivial 72 or surgery along a homotopically non-trivial 2-sphere. We consider 
the first such surgery in M. The only components with non-trivial 72 that can be 
removed by surgery are S?-bundles over S! and RP?#RP?. Since each of these 
has homotopically non-trivially embedded 2-spheres, if the first surgery killing an 
element in 72 is removal of such a component, then, because all the earlier 2-sphere 
surgeries are along homotopically trivial 2-spheres, the homotopically non-trivial 
embedded 2-sphere in this component deforms back to an embedded, homotopically 
non-trivial 2-sphere in M. The other possibility is that the first time an element 
in 72(M) is killed it is by surgery along a homotopically non-trivial 2-sphere. Once 
again, using the fact that all previous surgeries are along homotopically trivial 2- 
spheres, deform this 2-sphere back to M producing a homotopically non-trivial 2- 
sphere in M. O 





REMARK 18.15. Notice that it follows from the list of disappearing components 
that the only ones with non-trivial 72 are those based on the geometry 5? x R; that 
is to say, 2-sphere bundles over S' and RP?#RP?. Thus, once we have reached the 
level Tp after which all 2-sphere surgeries are performed on homotopically trivial 
2-spheres the only components that can have non-trivial 72 are components of these 
types. Thus, for example if the original manifold has no RP? prime factors and no 
non-separating 2-spheres, then when we reach time To we have done a connected 
sum decomposition into components each of which has trivial 72. Each of these 
components is either covered by a contractible 3-manifold or by a homotopy 3- 
sphere, depending on whether its fundamental group has infinite or finite order. 


3. Extinction 


Now we assume that the Ricci flow with surgery (M, G) satisfies the conclusion of 
Theorem and also has initial condition M that is a connected 3-manifold whose 
fundamental group satisfies the hypothesis of Theorem[I8-1] The argument showing 
that components with non-trivial 73 disappear after a finite time is, in spirit, very 
similar to the arguments above, though the technical details are more intricate in 
this case. 


3.1. Forward difference quotient for 73. Let M be a compact, connected 3- 
manifold. Fix a base point x9 € M. Denote by AM the free loop space of M. By this 
we mean the space of C!-maps of S$! to M with the C!-topology. The components of 
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AM are the conjugacy classes of elements in 7(M, 29). The connected component 
of the identity of AM consists of all homotopically trivial loops in M. Let * be the 
trivial loop at xo. 


CLAIM 18.16. Suppose that m2(M,x9) = 0. Then mo(AM,x) & 73(M,x0) and 
m2(AM, *) is identified with the free homotopy classes of maps of S” to the component 
of AM consisting of homotopically trivial loops. 


ProoFr. An element in 72(AM,*) is represented by a map S? x $1! > M that 
sends {pt} x S$! to 2g. Hence, this map factors through the quotient of 9? x S$? 
obtained by collapsing {pt} S! to a point. The resulting quotient space is homotopy 
equivalent to S? V S?, and a map of this space into M sending the wedge point to 
xo is, up to homotopy, the same as an element of 72(M,20) © 73(M,2x0). But we 
are assuming that 72(M,29) = 0. The first statement follows. For the second, 
notice that since 72(M, 29) is trivial, 73(M, xo) is identified with Hg of the universal 
covering M of M. Hence, for any map of $? into the component of AM containing 
the trivial loops, the resulting map S? x S' — M lifts to M. The corresponding 
element in 73(M, 29) is the image of the fundamental class of S? x S! in H3 (M = 
73 (M). | 





DEFINITION 18.17. Fix a homotopically trivial loop y € AM. We set A(7) equal 
to the infimum of the areas of any spanning disks for y, where by definition a span- 
ning disk is a Lipschitz map D? — M whose boundary is, up to reparameterization, 
y. Notice that A(y) is a continuous function of y in AM. Also, notice that A(y) is 
invariant under reparameterization of the curve y. Now suppose that T: $2 > AM 
is given with the image consisting of homotopically trivial loops. We define W(T) 
to be equal to the maximum over all ¢ € $? of A(I(c)). More generally, given a 
homotopy class € € 72(AM,*) we define W(€) to be equal to the infimum over all 
(not necessarily based) maps I’: $? + AM into the component of AM consisting of 
homotopically trivial loops representing € of W(T). 


Now let us formulate the analogue of Proposition [18.9] for 73. Suppose that ¥ is 
a path of components of the Ricci flow with surgery (M,G) defined for t € |to, ty]. 
Suppose that 72(V(to),20) = 0 and that 73(¥V(to),7z0) # 0. Then, the same two 
conditions hold for ¥(t) for each t € [to,t;]. The reason is that at a surgery time 
t, since all the 2-spheres in X(t’) (t/ < t but sufficiently close to t) along which 
we are doing surgery are homotopically trivial, the result of surgery is a disjoint 
union of connected components: one connected component is homotopy equivalent 
to X(t’) and all other connected components are homotopy 3-spheres. This means 
that either Y(t) is homotopy equivalent to V(t’) for t’ < t or X(t) is a homotopy 
3-sphere. In either case both homotopy group statements hold for 1(t). Even more 
is true: The distance-decreasing map ¥(t’) — A(t) given by Proposition is 
either a homotopy equivalence or a degree one map of V(t’) > ¥(t). In either case, 
it induces an injection of 73(4(t’)) — 73(4(t)). In this way a non-zero element in 
E(to) € 73(AX(to)) produces a family of non-zero elements €(t) € 73(4(t)) with the 
property that under Ricci flow these elements agree and at a surgery time t the degree 
one map constructed in Proposition [15.12]sends €(t’) to €(t) for all t’ < t sufficiently 
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close to it. Since 72(4(t)) is trivial for all t, we identify €(¢) with a homotopy class 
of maps of S? to AX(t). We now define a function W¢(t) by associating to each t 
the invariant W (€(t)). 

Here is the result that is analogous to Lemma[i8.1]] 


PROPOSITION 18.18. Suppose that (M,G) is a Ricci flow with surgery as in 
Theorem[15.9 Let X be a path of components of M defined for all t € |to, ti] with 
T2(V(to)) = 0. Suppose that € € m3(X(to),*) is a non-trivial element. Then the 
function We(t) satisfies the following inequality in the sense of forward difference 
quotients: 





dWe(t) 1 
<< —— F W . 
dt < —27 5) Fotn lt) e(t) 


Also, for every t € [to, ti] that is not a surgery time the function We(t) is continuous 
at t. Lastly, if t is a surgery time then 


We(t) < liminfy,_,-We(t’). 
In the next subsection we assume this result and use it to complete the proof. 


3.2. Proof of Theorem assuming Proposition According to 
Proposition there is JT, such that every component of My has trivial 7 for 
every T > T,. Suppose that Theorem does not hold for this Ricci flow with 
surgery. We consider a path of components ¥(t) of M defined for [T), 72]. We shall 
show that there is a uniform upper bound to 75. 


CLAIM 18.19. (71) has non-trivial 73. 


PRooF. By hypothesis the fundamental group of Mo is a free product of infinite 
cyclic groups and finite groups. This means that the same is true for the fundamental 
group of each component of M; for every t > 0, and in particular it is true for V(TJo). 
But we know that 72(4(To)) = 0. 


CLAIM 18.20. Let X be a compact 3-manifold. If 7(X) is a non-trivial free 
product or if 71(X) is isomorphic to Z, then mo(X) 40. 


PRooF. See [39], Theorem 5.2 on page 56 (for the case of a copy of Z) and 
Theorem 7.1 on page 66 (for the case of a free product decomposition). O 





Thus, it follows that 7(4(T))) is a finite group (possibly trivial). But a 3- 
manifold with finite fundamental group has a universal covering that is a compact 
3-manifold with trivial fundamental group. Of course, by Poincaré duality any 
simply connected 3-manifold is a homotopy 3-sphere. It follows immediately that 
1™3(X(T1)) = Z. This completes the proof of the claim. O 





Now we can apply Proposition [18.18] to our path of components ¥ defined for all 
t € [T,, 72]. First recall by Theorem [15.9] that the curvature of (M,G) is pinched 
toward positive which implies that Rmin(t) > (—6)/(1+4¢t). Let w(t) be the function 
satisfying the differential equation 


3 

/ 

= —2 _—___ 

w (t) T+ i > gett) 
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with initial condition w(T,) = We(Z)). According to Proposition [18.18] and Propo- 
sition [2.22] we see that We(t) < w(t) for all t € [7,7]. But direct integration shows 
that 


(4¢ + 1)3/4 
(4T; + 1)3/4 


This clearly shows that w(t) becomes negative for t sufficiently large, how large 
depending only on We¢(Z,) and T;. On the other hand, since W¢(t) is the infimum 
of areas of disks, W¢(t) > O for all t € [71,7]. This proves that T> is less than a 
constant that depends only on T; and on the component ¥ (71). Since there are 
only finitely many connected components of M7,, this shows that T> depends only 
on T; and the Riemannian manifold M7,. This completes the proof of Theorem [18.1 
modulo Proposition [18.18] O 


w(t) = We(T1) + 2Qm(4Tp + 1)/4(4¢ + 1)9/4 — 2n(4t +1). 





Thus, to complete the argument for Theorem[/8. Jit remains only to prove Propo- 
sition [I8.18] 


3.3. Continuity of W,(t). In this subsection we establish the two continuity 
conditions for We(t) stated in Proposition [18.18] 


CLAIM 18.21. If t is not a surgery time, then We(t) is continuous at t. 


PROOF. Since t is not a surgery time, a family I(t): $? — AX (t) is also a family 
I(t’): S? + AX(t’) for all nearby t’. The minimal spanning disks for the elements of 
I'\(t)(a) are also spanning disks in the nearby ¥(t’) and their areas vary continuously 
with ¢t. But the maximum of the areas of these disks is an upper bound for W(t). 
This immediately implies that We(t) is upper semi-continuous at t. 

The result for lower semi-continuity is the same as in the case of 2-spheres. Given 
a time ¢ distinct from a surgery time and a family [': $? — A(t’) for a time ¢’ near t 
we can view the family I as a map to AX (t). The areas of all minimal spanning disks 
for the loops represented by points [ measured in V(t) are at most (1 + 7(|t— t’|)) 
times their areas measured in 4(t’), where 7(|t — t’|) is a function going to zero 
as |t — t’| goes to zero. This immediately implies the lower semi-continuity at the 
non-surgery time ¢. O 





CLAIM 18.22. Suppose that t is a surgery time. Then 
We(t) < liminfy_.,-We(t’). 
PRooF. This is immediate from the fact from Proposition [[5.12] that for any 


71 > 0 for every t’ < t sufficiently close to t there is a homotopy equivalence ¥ (t’) > 
X(t) which is a (1 + 7)-Lipschitz map. ia 





To prove Proposition [18.18] and hence Theorem [18.1] it remains to prove the 
forward difference quotient statement for We(t) given in Proposition [18.18 


3.4. A further reduction of Proposition [18.18] Let IT: $7 - A¥(to) bea 
family. We must construct an appropriate deformation of the family of loops T° in 
order to establish Proposition Now we are ready to state the more technical 
estimate for the evolution of W(T) under Ricci flow that will imply the forward 
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difference quotient result for We(t) stated in Proposition [18.18] Here is the result 
that shows a deformation as required exists. 


DEFINITION 18.23. Let (M,g(t)), to < t < ti, be a Ricci flow on a compact 3- 
manifold. For any a and any t’ € [to, t1] let wa, (t) be the solution to the differential 
equation 


dwa t! 1 
SS =2r => min(t)Wa,t/ 
a 7 — 5 Rmin(t) Wa, (t) 


with initial condition w(t’) =a. We also denote wet, by wa. 


(18.4) 





PROPOSITION 18.24. Let (M,g(t)), to < t < ti, be a Ricci flow on a compact 
3-manifold. Fix a map T of S? to AM whose image consists of homotopically trivial 
loops and ¢ > 0. Then there is a continuous family T(t), to < t < t1, of maps 
S? = AM whose image consists of homotopically trivial loops with [[(to)] = [T] 
in 73(M,*) such that for each c € S$? we have |A(I'(to)(c)) — A(T(c))| < ¢ and 
furthermore, one of the following two alternatives holds: 

(i) The length of T'(t1)(c) is less than C. 
(ii) AT (t1)(C)) S Wa Faye (t1) + ¢- 


Before proving this result we shall show it implies the forward difference quo- 
tient result in Proposition Let ¥ be a path of components. Suppose that 
m2(X(t),20) = O for all t. Fix to and fix a non-trivial element € € 73(4(to), xo), 
which we identify with a non-trivial element in € € mo(A¥(to),*). Fix an inter- 
val [to,t;] with the property that there are no surgery times in the interval (to, 1]. 
Restricting to this interval the family V(t) is a Ricci flow on ¥(to). In particu- 
lar, all the ¥(t) are identified under the Ricci flow. Let w(t) be the solution to 
Equation with value w(to) = We(4¥’, to). We shall show that We(t1) < w(t1). 
Clearly, once we have this estimate, taking limits as t; approaches tg establishes the 
forward difference quotient result at to. 


DEFINITION 18.25. Let A(t) = i 3Rmin(s)ds. 
Direct integration shows the following: 


CLAIM 18.26. We have 


Wat (t") = exp(—A(t”)) (: - an f 


rd 
estat : 
If a’ >a, then forty <t' <t"” <t,, we have 
wat (t”) = waz (t”) + (a’ — a)exp(—A(t")). 
The next thing to establish is the following. 


LEMMA 18.27. Given a compact Riemannian manifold (X,g) with m2(X) = 0. 
Then there is € > 0 such that if € € 73(&) is represented by a family T: S? — AX 
with the property that for every c € S? the length of the loop T'(c) is less than ¢, then 
€ is the trivial homotopy element. 
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Proor. We choose ¢ smaller than the injectivity radius of (X,g). Then any pair 
of points at distance less than ¢ apart are joined by a unique geodesic of length less 
than ¢. Furthermore, the geodesic varies smoothly with the points. Given a map 
I: S* — AX such that every loop of the form I'(c) has length at most ¢, we consider 
the map f: S? — X defined by f(c) = I'(c)(xo), where ao is the base point of the 
circle. Then we can join each point I'(c)(x) to ['(c)(xo) by a geodesic of length at 
most ¢ to fill out a map of the disk I'(c): D2 + X. This disk is smooth except at the 
point ['(c)(aq). The disks T(c) fit together as c varies to make a continuous family 
of disks parameterized by S? or equivalently a map S? x D? into X whose boundary 
is the family of loops I'(c). Now shrinking the loops I'(c) across the disks I\(c) to 
I'(c)(xo) shows that the family [ is homotopic to a 2-sphere family of constant loops 
at different points of X. Since we are assuming that 72(X) is trivial, this means the 
family of loops is in fact trivial as an element of 72(AX,*), which means that the 
original element € € 73(X) is trivial. O 





Notice that this argument also shows the following: 


COROLLARY 18.28. Let (X,g) be a compact Riemannian manifold. Given n > 0 
there is a0 < ¢ < /2 such that any C'-loop c: S' — X of length less than n bounds 
a disk in X of area less than 7. 


Now we return to the proof that Proposition implies Proposition 
We consider the restriction of the path ¥ to the time interval [to, ti]. As we have 
already remarked, since there are no surgery times in (to,t,], this restriction is a 
Ricci flow and all the ¥(t) are identified with each other under the flow. Let w(t) 
be the solution to Equation with initial condition w(to) = We(to). There are 
two cases to consider: (i) w(t1) > 0 and w(t1) < 0. 

Suppose that w(t;) > 0. Let 7 > 0 be given. Then by Claim [18.26] and Corol- 
lary [18.28] there is 0 < ¢ < 7/2 such that the following two conditions hold: 


(a) Any loop in ¥(t;) of length less than ¢ bounds a disk of area less than 7. 
(b) For every a € [0, We(to) +2¢] the solution wa satisfies wa(ti) < w(t1) +7/2. 


Now fix a map I’: S$? — AX(to), whose image consists of homotopically trivial 
loops, with [P] = €, and with W(I) < We(to) + ¢. According to Proposition 


there is a one-parameter family ['(t), to < t < t,, of maps S? — A(t), whose 


images consist of homotopically trivial loops, with [I'(¢o)] = [I] = € such that for 
every c € S? we have A(I(to)(c)) < A(I'(c)) + ¢ and one of the following holds 


(i) the length of '(t,)(c) is less than C, or 
(ii) 


A(T'(t1)(c)) < W AF (to)(c)) 1) ae 


Since A(I'(to)(c)) < A(T(c)) +¢ < We(to) + 2¢, it follows from our choice of ¢ that 
for every c € S? either 


(a) T'(t,)(c) has length less than ¢ and hence bounds a disk of area less than 
7), OF 
(b) A(t) (6)) < Wwe (to) +2¢(ta) + ¢ < wlti) + 1/2 + n/2 = w(t) +. 
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Since we are assuming that w(t;) > 0, it now follows that for every c € S? we have 
A(I'(t1)(c)) < w(t1) +7, and hence W(I(t1)) < w(t1) +7. This shows that for every 
n > 0 we can find a family I'(t) with I'(to) representing € and with W(I'(t,)) < 
w(t,) +7. This completes the proof of Proposition [18.24] when w(t,) > 0. 

Now suppose that w(t;) < 0. In this case, we must derive a contradiction 
since clearly it must be the case that for any one-parameter family I(t) we have 
W(P(t1)) > 0. We fix 7 > 0 such that w(t,) +7 <0. Then using Lemma [8.27] and 
Claim [18.26] we fix ¢ with 0 < ¢ < 7/2 such that: 


(i) If f: $2 — AX(t,) is a family of loops and each loop in the family is of 
length less than ¢, then the family is homotopically trivial. 
(ii) For any a € [0, We(to) + 2¢] we have wa(t1) < w(t1) + 7/2. 
We fix a map T': $? — X(to) with [[] = € and with W(T) < We(to) +¢. Now 
according to Proposition there is a family of maps I'(t): S2 + AX(t) with 
[C'(to)] = (C] = € and for every c € S? we have A(I'(to)(c)) < A(I(c)) + ¢ and also 


either A(I'(t1)(c)) < W AF (t)(e)) (t1) +¢ or the length of I'(t1)(c) is less than ¢. It 


follows that for every c € S? we have A(I'(to)(c)) <W(LT) +¢ < We(to) + 2¢. From 
the choice of ¢ this means that 


A(P(t1)(c)) < w(t1) + 7/2 + ¢ < w(t1) +7 < 0 


if the length of P'(t:)(c) is at least ¢. Of course, by definition A(I‘(t;)(c)) > 0 for 
every c € S2. This implies that for every c € S? the loop I'(t;)(c) has length less 
than ¢. By Lemma [18.27] this implies that T'(t1) represents the trivial element in 
m2(A¥ (t1)), which is a contradiction. 

At this point, all that it remains to do in order to complete the proof of The- 
orem [18.1] is to establish Proposition [18-24] The rest of this chapter is devoted to 
doing that. 


4. Curve-shrinking flow 


Given I, the idea for constructing the one-parameter family T(t) required by 
Proposition [18.24] is to evolve an appropriate approximation T'(to) of I’ by the curve- 
shrinking flow. Suppose that (IM, g(t)), to < t < t), is a Ricci flow of compact man- 
ifolds and that c: S' x [to,t1] > (IM, g(to)) is a family of parameterized, immersed 
C?-curves. We denote by x the parameter on the circle. Let X(x,t) be the tangent 
vector Oc(x,t)/Ox and let S(ax,t) = X(x,t)/(|X (x, t)|9()) be the unit tangent vector 
to c. We denote by s the arc length parameter on c. We set H(2,t) = Vsyx,)5(2, t), 
the curvature vector of c with respect to the metric g(t). We define the curve- 
shrinking flow by 

Oe ar) 

ot 
where c(z,t) is a one-parameter family of curves and H(z,t) is the curvature vector 
of the curve c(-,t) at the point 2 with respect to the metric g(t). We denote by 
k(x,t) the curvature function: k(x,t) = |H(a,t)|g). We shall often denote the one- 
parameter family of curves by c(-,t). Notice that if c(x,t) is a curve-shrinking flow 


= H(z,t), 
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and if 2(y) is a reparameterization of the domain circle then c'(y,t) = c(x(y), t) is 
also a curve-shrinking flow. 


CLAIM 18.29. For any immersed C?-curve c: S! — (M,g(to)) there is a curve- 
shrinking flow c(x,t) defined for t € [to,t,) for some t, > to with the property 
that each c(-,t) is an immersion. Either the curve-shrinking flow extends to a 
curve-shrinking flow that is a family of immersions defined at t, and beyond, or 
max,cgik(x,t) blows up as t approaches t', from below. 


For a proof of this result, see Theorem 1.13 in [2]. 


4.1. The proof of Proposition [18.24]in a simple case. The main technical 
hurdle to overcome is that in general the curve shrinking flow may not exist if the 
original curve is not immersed and even if the original curve is immersed the curve- 
shrinking flow can develop singularities, where the curvature of the curve goes to 
infinity. Thus, we may not be able to define the curve-shrinking flow as a flow 
defined on the entire interval [to,¢;], even though the Ricci flow is defined on this 
entire interval. But to show the idea of the proof, let us suppose for a moment 
that the starting curve is embedded and that no singularities develop in the curve- 
shrinking flow and show how to prove the result. 


LEMMA 18.30. Suppose that c € AM is a homotopically trivial, embedded C?- 
loop. and suppose that there is a curve-shrinking flow c(x,t) defined for allt € [to, ti] 
with each c(-,t) being an embedded smooth curve. Consider the function A(t) which 
assigns to t the minimal area of a spanning disk for c(-,t). Then A(t) is a continuous 
function of t and 


ot) <2 — F Rial AC) 


in the sense of forward difference quotients. 

PrRooF. According to results of Hildebrandt and Morrey, and [52], for each 
t € [to,ti], there is a smooth minimal disk spanning c(-,t). Fix t’ € [to,t1) and 
consider a smooth minimal disk D — (M,g(t’)) spanning c(-,t). It is immersed, see 
or [27]. The family c(-,t) for t near t’ is an isotopy of c(-,t’). We can extend 
this to an ambient isotopy y;: M — M with y» = Id. We impose coordinates {xq} 
on D; we let hag(t') be the metric induced on yy (D) by g(t’), and we let da be the 
area form induced by the Euclidean coordinates on D. We compute 


d d 
Fine Atea(ye(D)) = SI, [ D [aet(hag) (t)da. 
Of course, 
Flew | py Vee = -| m PR") det(hog(t))da 
as Pel 


; Ovy q 
+ div | — det (hag(t))da. 
yy (D) dt 


Here, Ric’ denotes the restriction of the Ricci curvature of g(t’) to the tangent planes 


T A 
of yy (D) and Wea)” is the component of yy, tangent to yy(D). Setting A equal to 
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the second fundamental form of y,(D), using the fact that y,(D) is minimal and 
arguing as in the proof of Claim [18.12] we have 


-{ (TrRic”) det (hag (t’))da 
py (D) 


1 ‘ 
— K uy f (|Al? + R)da 
lee 8 daa) 


ul . 
yh whe!) det(Iag(t!) da — 5 Areayy (D) min{ R(x, t')}. 
t! 


IA 


Integration by parts shows that 


| div (“ ) : det(hag(t’))da / (= | ) nds 
ae a8 = hey | res, 
eu(D) dt pr(op) \ dt 


where n is the inward pointing normal vector to y,(D) along yy (OD). Of course, 
by definition, if the variation along the boundary is given by the curve-shrinking 
flow, then along yy (OD) we have 


dyt 
(A, -«) 1 = Kgeod- 
Thus, we have 


d 
Flee ‘| ” \/det(hag(t))da 
Pt 


1 
< -{ Ky,,(p)da -f Kgeoads _ 5 min(t!) Area yy (D)). 
gy (D) £4 (OD) 


Of course, the Gauss-Bonnet theorem allows us to rewrite this as 


d ero i 
alee / - det(hag(t))da < —2n — 5 min (t’)Area( yr (D)). 
vt 





Let w(t) be the solution to the ODE 


W(t) = 2m = SRmnin UO) 


with ~%(t~) = A(t_). The following is immediate from the previous lemma and 


Lemma 


COROLLARY 18.31. With notation and assumptions as above, if the curve-shrinking 
flow is defined on the interval [t~,t*] and if the curves c(-,t) are embedded for all 
t € [t~,t*] then 

A(tT) < W(é*). 


Actually, the fact that the loops in the curve-shrinking flow are embedded is not 
essential in dimensions > 3. 
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LEMMA 18.32. Suppose that the dimension of M is at least 3 and that c(-,t) is 
a C?-family of homotopically trivial, immersed curves satisfying the curve-shrinking 
equation defined fort <t<t*. For each t, let A(t) be the infimum of the areas of 
spanning disks for c(-,t). Then A(t) is a continuous function and, with w as above, 
we have 
A(t*) < H(t"). 


PROOF. We first remark that continuity has already been established. To show 
the inequality, we begin with a claim. 


CLAIM 18.33. It suffices to prove the following for every 6 > 0. There is a C?- 
family (x,t) of immersions within 5 in the C?-topology to c(x,t) defined on the 
interval [t~ ,t*] such that 

A(tt) < Ps e(t") 
where W5,a 18 the solution of the ODE 


1 
Ps elt) = —20 + 26Le(t) — 5 Rmin(t)d5,0(4) 
with value A(c(t~)) at t~, and where Le(t) denotes the length of the loop C(-,t). 


Proor. (of the claim) Suppose that for each 6 there is such a C?-family as in 
the statement of the claim. Take a sequence 6, tending to zero, and let ¢,(-,t) be a 
family as in the claim for 6,. Then by the continuity of the infimum of areas of the 
spanning disk in the C!-topology, we see that 


limn—oA(én(-,t*)) = A(e(-,t*)). 
Since the é,(z,t) converge in the C?-topology to c(x,t), the lengths L(é,,(t)) are 
uniformly bounded and the A(é,(t~ )) converge to A(c(t)). Thus, the we, 2, converge 


uniformly to 7 on [t~,t*], and taking limits shows the required inequality for A(c(t)), 
thus proving the claim. O 








SS 





Now we return to the proof of the lemma. Let ¢(2,t) be a generic C?-immersion 
sufficiently close to c(x,t) in the C?-topology so that the following hold: 


(1) the difference of the curvature of ¢ and of c at every (x,t) is a vector of 
length less than 6, 
(2) the difference of 0¢/Ot and Oc/Ot is a vector of length less than 0, 
(3) the ratio of the arc lengths of ¢ and c at every (x,t) is between (1 — 6) and 
(1+ 6). 
The generic family ¢(x,t) consists of embedded curves for all but a finite number of 
t € [t~,t*] and at the exceptional t values the curve is immersed. Let t) < tg < 
+++ < ty be the values of ¢ for which ¢(-,t) is not embedded. We set to = t” and 
thi1 =t*. Notice that it suffices to show that 


A(é(tiz1)) — A(E(ti)) S Vs,eltiz1) — Yo,e(ta) 
fori =0,...,k. To establish this inequality for the interval |t;,t;41], by continuity it 
suffices to establish the corresponding inequality for every compact subinterval con- 


tained in the interior of this interval. This allows us to assume that the approximat- 
ing family is a family of embedded curves. Let the endpoints of the parameterizing 
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interval be denoted a and b. Fix t’ € [a,b] and let D be a minimal disk spanning 
é(-,t’), and let y; be an isotopy as in the argument given the proof of Lemma[I8.30} 
According to this argument we have 


<A) lee ae 5 Fmin(t)ACe(¢') + i — ew = (= ~) | a 


in the sense of forward difference quotients. The restriction of Met | to the bound- 
ary of D agrees with 0¢(x,t)/Ot. Hence, by our conditions on the approximating 
family, and since for c(-,t) the corresponding quantities are equal, 


. d 
geod (€) ~~ (H1-) “7 
Integrating over the circle implies that 
d 1 
A(t S —24 — SF Rmin(t')A(C(#)) + 26Le(t). 
The result is then immediate from Lemma O 


< 20. 











4.2. Basic estimates for curve-shrinking. Let us establish some elementary 
formulas. To simplify the formulas we often drop the variables x, ¢ from the notation, 
though they are understood to be there. 


LEMMA 18.34. Assume that (M,g(t)), to < t < ti, ts a Ricci flow and that 
c= c(z,t) is a solution to the curve-shrinking flow. We have vector fields X = 0/0x 
and H = 0/0t defined on the domain surface. We denote by |X]2.9 the function on 
the domain surface whose value at (x,t) is (X(z, 1) Fay: We define S = Ba ree, a 


the unit vector in the x-direction measured in the evolving metric. Then, 
0 ; 
F(X eg)(er t) = ~2Ricg(n (X (et), X (1,8) — WX (eA) Roy, 


and 
(AS) = (k? + Ricg(z)(S(a, t), S(x,t))) Sia th): 


Proor. Notice that as t varies |X|?. , 18 not the norm of the vector field X 
with respect to the pullback of a fixed metric g(t). On the other hand, when we 
compute V 7X at a point (x,t) we are taking a covariant derivative with respect to 
the pullback of a fixed metric g(t) on the surface. Hence, in computing H(|X|2.,) the 
usual Leibniz rule does not apply. In fact, there are two contributions to H(|X|?. a) 
one, the usual Leibniz rule differentiating in a frozen metric g(t) and the other 
coming from the effect on |X|?. , of varying the metric with t. Thus, we have 


H(|X|2+4)(x,t) = —2Ricp«g(¢)(X (x,t), X(x,t)) + VAX (a, t), X(z,t)) ex g(zy- 


Since ¢ and x are coordinates on the surface swept out by the family of curves, 
VyX = VxdH, and hence the second term on the right-hand side of the previous 
equation can be rewritten as 2(V x H(a,t), X(2,t))c*9(t)- Since X(a,t) and H(z, t) 
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are orthogonal in c*g(t) and since X = |X|-*gS, computing covariant derivatives in 
the metric c*g(t), we have 
2(VxH, X) g(t) = =2(H, VxX)cxg(t) 
= =2(H, X13 4) Vs5) ex g(t) _ 2(H, IX] 9(t) S(IX erg) S) cx g(t) 
= =2(H, FD) g(t) Xe) 
—2k?|X |2q- 

This proves the first inequality. As for the second, since X and H commute we have 


—1 
spt (|X long)” )X- 


_ aX] = os) ) X= on 
[HS] = LA, |x, a! H( (xt 9) 2 (|X|2) 


According to the first equation, we can rewrite this as 


[H, S](x,t) = (kh? + Ricexgt)(S(a, t), S(x, t))) S(a,t). 





O 


Now let us compute the time derivative of k?. In what follows we drop the 
dependence on the metric c*g(t) from all the curvature terms, but it is implicitly 
there. 


LEMMA 18.35. 
—k? = can k*) — 2((VxH)+, (VsH)t + 2k4 
am 752 | )-2(VxH)~, (Vs) erg 


—2Ric(H, H) + 4k?Ric(S,.S) + 2Rm(H, S, H, S), 
where the superscript L means the image under projection to the orthogonal com- 


plement of X. 


Proor. Using the same conventions as above for the function |H|.*, and but 
leaving the metric implicit, we have 


0 2 0 2 _ : 
(18.5) at = 5p (Heo) = —2Ric(H, H) + (Va, Borg. 


Now we compute (using the second equation from Lemma [I8.34) 
VHH = VuVsS 
= VsVaS+ Ving S + RA, S)S 
= VsVsH + Vs([4,S]) + Vix,5)9 + R(A, S)S 
= VsVsH + Vs ((k? + Ric(S, S))S) + (k? + Ric(S, $))Vs5S + R(H, 8)S 
= VsVsH + 2(k* + Ric(S, S))H + S(k? + Ric(S, S))S + R(H, S)S. 
Using this, and the fact that (H,S).*, = 0, we have 
(18.6) 2(ViH, H)c*g = 29(VsVsH, H) + 4k* + 4k? Ric(S, $)) + 2Rm(H, S, H, S). 
On the other hand, 
(18.7) $(S((H, H)exg)) = UV sVsH, H)erg + 2(V 5H, Vs) erg. 
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We write 
VsH = (VsH)* + (VsH, S)cxgS. 
Since H and S are orthogonal, we have (VsH,S)e*g = —(H,VsS)cxg = —(H, Hf). 
Thus, we have 
VeH =(VeH) = (A, By en. 
It follows that 
—2(V 5H, VsH)erg = —2((VsH)”,(VsH)*)org — 2k". 

Substituting this into Equation (18.7) gives 
(18.8) 2(VsVsH, H)erg = S(5(|H P+) — 2((VsH)+, (VsH)4)org — 24. 
Plugging this into Equation (18.6) and using Equation (18.5) yields 

0 


a = —2Ric(H, H) + S(S(H, H) eg) — 2((VsH)+,(VsH)+) cg 
+2k* + 4k?Ric(S, S) + 2Rm(H, S, H,S). 
Of course, $($((H, H)c*g)) = (k*)” so that this gives the result. O 





Grouping together the last three terms in the statement of the previous lemma, 
we can rewrite the result as 
O = 
(18.9) ae < (k?)" — 2((V gH), (Vg H) \ erg + 2k* + Ch’, 
where the primes refer to the derivative with respect to arc length along the curve 
and C' is a constant depending only on an upper bound for the norm of the sectional 
curvatures of the ambient manifolds in the Ricci flow. 


CLAIM 18.36. There is a constant Cy < oo depending only on an upper bound 
for the norm of the sectional curvatures of the ambient manifolds in the Ricci flow 
(M, 9(t)), to <t <ty, such that 


0 
— ke ki +e +k: 
a = +k + C1 


PROOF. We set Cy = c /2, where C is as in Inequality It follows from 
Inequality (18.9) that 


k; . 
(18.10) ane < Qkk" + 2(k')? + 2k* — 2(Vg HH)", (VgH)+) eng + Ch. 





Since k? = (H, H)¢*,, we see that (k*)’ = 2(VsH, H) *g. Since H is perpendicular 
to S, this can be rewritten as (k?)’ = 2((VsH)+, H)c«g. It follows that 


k! = (VsH)*, Hera 





| c*g 
Hence, 
VsH), H). 
(k’)” < Ss < ((VsH)", (VsH)" erg. 
Ped pee 
Plugging this into Equation (18.10) gives 
Ok 


ee " 3 ; 
ey <ko+k?+Cyk 
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Now we define the total length of the curve c(z, t), 


@) = | Xeg eee 


We also define the total curvature of the curve c(z,t), 


t) = fax crgdit = f has 


LEMMA 18.37. There is a constant Co < oo depending only on an upper bound 
for the norm of the sectional curvatures of the ambient manifolds in the Ricci flow 
such that 





(18.11) SLs [(Co-P)as 
and 
4o<qQ0 
| an 
PROOF. 


d a 
—L= — 4) LX 4. ; 
dt i atv ler 





By Lemma we have 








q 1 
—L= ae | HRC = DE = : 
Fr lamm' Ric(X, X) — 2k og) ae 
Thus, 
d 
(18.12) oh = / (—Ric(S, S) — k2)|X|exgdz = / (—Ric(S, 5) — k?)ds. 


The first inequality in the lemma then follows by taking C2 to be an upper bound 
for the norm of Ric,,). 
Now let us consider the second inequality in the statement. 


d. fa (ak AlXlerg 
50 = [ FUiXlente= f (Fixleo th . ) ae. 


Thus, using Claim [18.36] and the first equation in Lemma we have 


d k 
na < k" So I= 
He < ic +k? + Cyk)ds + 1X eg 





(—2Ric(X, X) — 2k?|X|2.,)dax 


ce 


7 / (ki! +k + Cyk)ds — / k(Ric(S, S) + k2)ds 








/ (k’ + Ci — kRie(S,8))ds. 
Since [ k’ds = 0 by the fundamental theorem of calculus, we get 


d 
—O< 
70 < C28, 


for an appropriate constant C2 depending only on an upper bound for the norm of 
the sectional curvatures of the ambient family (M, g(t)). O 
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COROLLARY 18.38. The following holds for the constant Cy as in the previous 
lemma. Let c(x,t) be a curve-shrinking flow, let L(t) be the total length of c(t) and 
let O(t) be the total curvature of c(t). Then for any to <t' < t” < ty we have 


LO) )eer 
e(t") < O(t/ ee"), 


4.3. Ramp solutions in M x S!. As we pointed out in the beginning of Sec- 
tion [4]the main obstacle we must overcome is that the curve-shrinking flow does not 
always exist for the entire time interval |to,t1].. The reason is the following: Even 
though, as we shall see, it is possible to bound the total curvature of the curve- 
shrinking flow in terms of the total curvature of the initial curve and the ambient 
Ricci flow, there is no pointwise estimate on the curvature for the curve-shrinking 
flow. The idea for dealing with this problem, which goes back to [2], is to replace 
the original situation of curves in a manifold with graphs by taking the product 
of the manifold with a circle and using ramps. We shall see that in this context 
the curve-shrinking flow always exists. The problem then becomes to transfer the 
information back from the flows of ramps to the original manifold. 

Now suppose that the Ricci flow is of the form (M, g(t)) x (S}, ds”) where (S}, ds”) 
denotes the circle of length . Notice that the sectional curvatures of this product 
flow depend only on the sectional curvatures of (MW, g9(t)) and, in particular, are 
independent of 4. Let U denote vector field made up of unit tangent vectors in the 
direction of the circle factors. Let u(x,t) = (S,U) (1). 


CLAIM 18.39. 
Ou 
Ot 
where C’ is an upper bound for the norm of the Ricci curvature of (M, g(t)). 


=u" + (k? + Ric(S, $))u > u"” — C’u, 


PROOF. Since U is a constant vector field and hence parallel along all curves 
and since Ric(V,U) = 0 for all tangent vectors V, by Lemma we have 


ois U) gt) = —2Ric(S,U) + (de(V i$), U) gi) 
= (de(VHS),U) 94) = (de([H, S] + VsH),U) 42) 
= (k? + Ric(S,$))u + (de(VsH),U) 9) 
= (k? +Ric(S, S))u + S(de((H), U)g) 
= (k? +Ric(S,S))u + $((de(V 58), U) 4) 
= (k* + Ric(S,S))u+ S(S(u)) = (k? + Ric(S, 8))u+u". 








O 


DEFINITION 18.40. A curve c: S' > M x ch is said to be a ramp if u is strictly 
positive. 


The main results of this section show that the curve-shrinking flow is much better 
behaved for ramps than for the general smooth curve. First of all, as the next corol- 
lary shows, the curve-shrinking flow applied to a ramp produces a one-parameter 
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families of ramps. The main result of this section shows that for any ramp as initial 
curve, the curve-shrinking flow does not develop singularities as long as the ambient 
Ricci flow does not. 


COROLLARY 18.41. If c(x,t), tp <t < t, < cw, is a solution of the curve shrink- 
ing flow in (M,g(t)) x (S1,ds?) and if c(to) a ramp, then c(t) is a ramp for all 
t € [to,t)). 


PrRooF. From the equation in Claim [18:39] we see that for C’ an upper bound 
for the norm of the Ricci curvature, we have 


& (etn) = (tu) 


It now follows from a standard maximum principle argument that the minimum 
value of eC’tu is a non-decreasing function of t. Hence, if c(to) is a ramp then each 
c(t) is a ramp and in fact u(«,t) is uniformly bounded away from zero in terms of 
the minimum of u(x, to) and the total elapsed time t; — to. O 





LEMMA 18.42. Let (M,g(t)), to <t< ti, be a Ricci flow. Suppose that c: S! > 
(M x S3, g(t) x ds”) is a ramp. Then there is a curve-shrinking flow c(x,t) defined 
for allt € |to, ti] with c as the initial condition at time t = to. The curves c(-,t) are 
all ramps. 


PrRooFr. The real issue here is to show that the curve-shrinking flow exists for 
all ¢ € [to,t:]. Given this, the second part of the statement follows from the pre- 
vious corollary. If the curve shrinking flow does not exist on all of [to,¢1] then by 
Claim [18:29] there is a t) < t; such that the curve-shrinking flow exists on [to, ¢{) 
but k& is unbounded on S$" x [t, t,). Thus, to complete the proof we need to see that 
for any t, for which the curve-shrinking flow is defined on [to, t) we have a uniform 
bound on k on this region. 

Using Claim [18-36] and Claim we compute 


2 (*) _ 10k kk Ou 








atu) ~ wot Ww Ot 
" 3 k 
g SER FES (ul + (8 + Ric(S,5))u) 
a U 
Nn k " k 
U U uw o 


On the other hand, 


k\" k”u—ulk u! kiu-—wk 
Ot ee ee 
u u2 u u2 


Plugging this in, and using the curvature bound on the ambient manifolds we get 


N" , ! 
Be ta 
Ot \u uw uU U uU 


for a constant C’ depending only on a bound for the norm of the sectional curvature 
of the ambient Ricci flow. A standard maximum principle argument shows that 
the maximum of k/u at time t grows at most exponentially rapidly in t. Since u 
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stays bounded away from zero, this implies that for ramp solutions on a finite time 
interval, the value of k is bounded. O 





Next let us turn to the growth rate of the area of a minimal annulus connecting 
two ramp solutions. 


LEMMA 18.43. Suppose that the dimension n of M is at least three. Let ci(x,t) 
and c9(x,t) be ramp solutions in (M,g) x (S},ds*) with the image under the pro- 
jection to si of each c being of degree one. Let p(t) be the infimum of the areas 
of annuli in (M x Si, g(t) x ds”) with boundary c1(x,t) U co(a,t). Then p(t) is a 
continuous function of t and 

d 
dt 


in the sense of forward difference quotients. 


(t) < (2n — 1)maxrem|Rm(z, t)|u(t), 


PRooF. Fix a time ¢’. First assume that the loops c;(-,t’) and c9(-,t’) are 
disjoint. Under Ricci flow the metrics on the manifold immediately become real 
analytic (see [3]) and furthermore, under the curve-shrinking flow the curves c; and 
c2 immediately become analytic (see [21]). [Neither of these results is essential for 
this argument because we could approximate both the metric and the curves by real 
analytic objects.] Establishing the results for these and taking limits would give the 
result in general. Since c;(-,t’/) and c9(-,t’) are homotopic and are homotopically 
non-trivial there is an annulus connecting them and there is a positive lower bound 
to the length of any simple closed curve in any such annulus homotopic to a boundary 
component. Hence, there is a minimal annulus spanning c;(-, t’) |] c2(-, t’) According 
to results of Hildebrandt ([40]) and Morrey ({52]) any minimal annulus A with 
boundary the union of these two curves is real analytic up to and including the 
boundary and is immersed except for finitely many branch points. By shifting 
the boundary curves slightly within the annulus, we can assume that there are no 
boundary branch points. Again, if we can prove the result for these perturbed curves 
taking limits will give the result for the original ones. Given the deformation vector 
HA on the boundary of the annulus, extend it to a deformation vector H on the entire 
annulus. The first order variation of the area at time t’ of the resulting deformed 
family of annuli is given by 


dAreaA,,. __ : , 
St) = fcmmic ole dat fP —koads 


where Ric? is the Ricci curvature in the tangent directions to the annulus. (The 
first term is the change in the area of the fixed annulus as the metric deforms. The 
second term is the change in the area of the family of annuli in the fixed metric. 
There is no contribution from moving the annulus in the normal direction since the 
original annulus is minimal.) If A is embedded, then by the Gauss-Bonnet theorem, 


we have 
| —Kgeoads = | Kda 
OA A 
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where K is the Gaussian curvature of A. More generally, if A has interior branch 


points of orders n1,...,n, then there is a correction term and the formula is 
k 
i —Kgeoads = 0 Kda— 5° 2n(ni — 1). 
aA A a 


Thus, we see 
one) < [ (—Tr(Ric? (g(¢’))) + K)da. 
On the other hand, since A is a minimal surface, K is at most the sectional curvature 
of (M, 9(t’)) x (S},ds*) along the two-plane tangent to the annulus. Of course, the 
trace of the Ricci curvature along A is at most 2(n — 1)|maxzcyRm(z,t’)|. Hence, 
dArea A 

dt 

This computation was done assuming that co(-,t’) is disjoint from c,(-,t’). In 
general, since the dimension of M is at least three, given c;(-,t’) and c2(-,t’) we 
can find c3(-,t) arbitrarily close to c2(-,t’) in the C?-sense and disjoint from both 
c1(-,t’) and c2(-,t’). Let Ag be a minimal annulus connecting ci(-,t’) to c3(-, t’) 
and Ag be an minimal annulus connecting cs3(-,t’) to co(-,t’). We apply the above 
argument to these annuli to estimate the growth rate of minimal annuli connecting 
the corresponding curve-shrinking flows. Of course the sum of these areas (as a 
function of t) is an upper bound for the area of a minimal annulus connecting the 
curve-shrinking flows starting from c;(-,t’) and co(-,t’). As we choose c3(-,t’) closer 
and closer to C2(-,t’), the area of Ag tends to zero and the area of A3 tends to 
the area of a minimal annulus connecting c;(-,t’) and co(-,¢’). This establishes the 
continuity of y(t) at t’ and also establishes the forward difference quotient estimate 
in the general case. O 


(t') < (2n — 1)|maxzeyRm(z, t’)|u(t’). 





COROLLARY 18.44. Given curve-shrinking flows c,(-,t) and co(-,t) for ramps of 
degree one in (M,g(t)) x (St,ds*) the minimal area of an annulus connecting c,(-, t) 
and c2(-,t) grows at most exponentially with time with an exponent determined by 
an upper bound on the sectional curvature of the ambient flow, which in particular 
is independent of X. 


5. Proof of Proposition [18.24 


Now we are ready to use the curve-shrinking flow for ramps in M x Ss} to establish 
Proposition for M. As we indicated above, the reason for replacing the flow 
(M,g(t)) that we are studying with its product with S} and studying ramps in 
the product is that the curve-shrinking flow exists for all time t € [to,t1] for these. 
By this mechanism we avoid the difficulty of finite time singularities in the curve 
shrinking flow. On the other hand, we have to translate results for the ramps back 
to results for the original Ricci flow (M, g(t)). This requires careful analysis. 


5.1. Approximations to the original family. The first step in the proof 
of Proposition [18.24] is to identify the approximation to the family I that we shall 
use. Here is the lemma that gives the needed approximation together with all the 
properties we shall use. 
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Given a loop c in M and X > 0 we define a loop c in M x Che The loop c is 
obtained by setting c*(x) = (c(x), x) where we use a standard identification of the 
domain circle (the unit circle) for the free loop space with St an identification that 
defines a loop in s of constant speed \/2z. 


LEMMA 18.45. Given a continuous map T: S? — AM representing an element of 
13(M,*) and 0 <¢ <1, there is a continuous map T: S? + AM with the following 
properties: 

(1) P=) inag(M,®). 

2) For each c € S? the loop V(c) is a C?-loop. 

3) For each c € S? the length of T(c) is within © of the length of T(c). 

4) For each c € S?, we have |A(I'(c)) — A(I(c))| < ¢. 

5) There is a constant Co < co depending only on T, on the bounds for the 
norm of the Riemann curvature operator of the ambient Ricci flow, and on 
¢ such that for each c € S? and each X € (0,1) the total length and the total 
curvature of the ramp V(c)* are both bounded by C3. 


NR 


Before proving this lemma we need some preliminary definitions and construc- 
tions. 


DEFINITION 18.46. Let c: S' ~ M bea C!-map. Fix a positive integer n. By a 
regular n-polygonal approximation to c we mean the following. Let €, = exp(27i/n), 
and consider the points py = c(€*) for k = 1,...,n +1. For each 1 < k < n, 
let Ay be a minimal geodesic in M from pz to peii1. We parameterize Az by the 
interval [€*,é*+1] in the circle at constant speed. This gives a piecewise geodesic 


map Cn: S' > M. 
The following is immediate from the definition. 


CLAIM 18.47. Given ¢ > 0 and a C!-map c: S' > M then for all n sufficiently 
large the following hold for the n-polygonal approximation Cy of c. 
(a) the length of cy is within ¢ of the length of c. 
(b) there is a map of the annulus S' x I to M connecting cn to c with the 
property that the image is piecewise smooth and of area less than ¢. 


PROOF. The length of c is the limit of the lengths of the n-polygonal approxima- 
tions as n goes to infinity. The first item is immediate from this. As to the second, 
for n sufficiently large, the distance between the maps c and c,, will be arbitrarily 
small in the C°-topology, and in particular will be much smaller than the injectivity 
radius of M. Thus, for each & we can connect A, to the corresponding part of c by 
a family of short geodesics. Together, these form an annulus, and it is clear that for 
n sufficiently large the area of this annulus is arbitrarily small. O 





As the next result shows, for ¢ > 0, the integer n(c) associated by the previous 
claim to a C!-map ¢ can be made uniform as c varies over a compact subset of AM. 


CLAIM 18.48. Let X C AM be a compact subset and let ¢ > 0 be fixed. Then 
there is N depending only on X and ¢€ such the conclusion of the previous claim 
holds for everyc € X and everyn>N. 
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PROOF. Suppose the result is false. Then for each N there is cy € X andn > N 
so that the lemma does not hold for cy and n. Passing to a subsequence, we can 
suppose that the cy converge to co, € X. Applying Claim [18.47] we see that there is 
N such that the conclusion of Claim [18.47] holds with ¢ replaced by ¢/2 for co. and 
all n > N. Clearly, then by continuity for all n > N the conclusion of Claim [18.47] 
holds for the n-polygonal approximation for every c for all | sufficiently large. This 
is a contradiction. O 





COROLLARY 18.49. Let: S? — AM be a continuous map with the property that 
T'(c) is homotopically trivial for all c € S*. Fix ¢ > 0. For any n sufficiently large 
denote by I, the family of loops defined by setting T,(c) equal to the n-polygonal 
approximation to T'(c). There is N such that for alln > N we have 

(1) T, is a continuous family of n-polygonal loops in M. 

(2) For each c € S$”, the loop ',(c) is a homotopically trivial loop in M and its 
length is within ¢ of the length of T(c). 

(3) For each c € S?, we have |A(T'n(c)) — A(T'(e))| < ¢. 


Proor. Given I there is a uniform bound over all c € S? on the maximal speed 
of T'(c). Hence, for all n sufficiently large, the lengths of the sides in the n-polygonal 
approximation to I'(c) will be uniformly small. Once this length is less than the 
injectivity radius of M, the minimal geodesics between the endpoints are unique 
and vary continuously with the endpoints. This implies that for n sufficiently large 
the family [, is uniquely determined and itself forms a continuous family of loops 
in M. This proves the first item. We have already seen that, for n sufficiently 
large, for all c € S? there is an annulus connecting I'(c) and I’,(c). Hence, these 
loops are homotopic in M. The first statement in the second item follows imme- 
diately. The last statement in the second item and third item follow immediately 
from Claim O 





The next step is to turn these n-polygonal approximations into C?-curves. We fix, 
once and for all, a C® function 7, from the unit circle to [0, co] with the following 
properties: 

(1) wv, is non-negative and vanishes to infinite order at the point 1 on the unit 
circle. 

(2) Wn is periodic with period 27i/n. 

(3) Up is positive on the interior of the interval [1,€,] on the unit circle, and 
the restriction of w, to this interval is symmetric about exp(7/n), and is 
increasing from 1 to exp(zi/n). 


(4) fr" vn(s)ds = 2n/n. 
Now we define a map Wn: S1 — §' by 


Tae | Peat 


It is easy to see that the conditions on yw, imply that this defines a C'°-map from 
S! to S$! which is a homeomorphism and is a diffeomorphism on the complement of 
the n“” roots of unity. 
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Now given an n-polygonal loop c, we define the smoothing ¢, of cn by G, = Cn0Wn- 
This smoothing c, is a C°-loop in M with the same length as the original polygonal 
loop cy. Notice that the curvature of ¢, is not itself a continuous function: just like 
the polygonal map it replaces, it has a 6-function at the ‘corners’ of cp. 


Proor. (of Lemma [I8.45) Given a continuous map [': S? — AM and ¢ > 0 
we fix nr sufficiently large so that Corollary [[8.49] holds for these choices of I and 
¢. Let T= IT, be the family of smoothings of the family T,, of n-polygonal loops. 
Since this smoothing operation changes neither the length nor the area of a minimal 
spanning disk, it follows immediately from the construction and Corollary [18.49]that 
T satisfies the conclusions of Lemma except possibly the last one. 

To establish the last conclusion we must examine the lengths and total curvatures 
of the ramps I'(c)> associated to this family of C?-loops. Fix A with 0 < \ < 1, 
and consider the product Ricci flow (M, g(t)) x ($}, ds”) where the metric on S$} has 
length A. 


CLAIM 18.50. For any 0 < A <1, the length of the ramp T(c) is at most X plus 
the length of T'(c). The total curvature of V(c)* is at most nz. 


Proor. The arc length element for I'(c)* is \/a + (A/2nr)2dx < (a(x) 


A/2n)dx where a(x)dx is the arc length ihe for 5 Integrating gives _ 
length estimate. 7 

The total curvature of I'(c)* is the sum over the intervals [¢*, €*++] of the total 
curvature on these intervals. On any one of these intervals we have a curve in a 
totally geodesic, flat surface: the curve lies in the product of a geodesic arc in M 
times Ss). Let u and v be unit tangent vectors to this surface, u along the geodesic 
(in the direction of increasing xz) and v along the S} factor. These are parallel 
vector fields on the flat surface. The tangent vector X(x) to the restriction of 
T'(c)* to this interval is Lyp(x)u + (A/2m)v, where L is the length of the geodesic 
segment we are considering. Consider the first-half subinterval [€*, €* - exp(mi/n)]. 
The tangent vector X(x) is (A/27)v at the initial point of this subinterval and is 
Lin (€*-exp(wi/2))ut(A/27)v at the final point. Throughout this interval the vector 
is of the form a(x)u + (A/27)v where a(x) is an increasing function of x. Hence, 
the tangent vector is always turning in the same direction and always lies in the 
first quadrant (using u and v as the coordinates). Consequently, the total turning 
(the integral of k against arc-length) over this interval is the absolute value of the 
difference of the angles at the endpoints. This difference is less than 7/2 and tends to 
1/2 as X tends to zero, unless ZL = 0 in which case there is zero turning for any \ > 0. 
By symmetry, the total turning on the second-half subinterval [€* - exp(ai/n), €& +1 
is also bounded above by 7/2. Thus, for any \ > 0, the total turning on one of the 
segments is bounded above by 7. Since there are n segments this gives the upper 





bound of nz on the total turning of T(c) as required. O 


This claim completes the proof of the last property required of T =T,, and hence 
completes the proof of Lemma O 
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Having fixed [ and ¢ > 0, we fix n and set [T=[,,. We choose n sufficiently large 
so that I satisfies Lemma [I8.45] Fix  € (0,1) and define I: $2  (M x St), by 
setting I*(c) =P (c). 

Fix c € S$”, and let T(t), to < t < t1, be the curve-shrinking flow given in 
Lemma[L8.42| with initial data the ramp I(c) . Asc varies over S? these fit together 
to produce a one-parameter family T(t) of maps S$? — A(M x S}). Let p; denote 
the projection of M x S} to M. Notice that for any \ we have TY (to) = I(c), so that 
pil (to) =I'(c). We shall show that for \ > 0 sufficiently small, the family p,I(t) 
satisfies the conclusion of Proposition [18-24] for the fixed I and ¢ > 0. We do this 
in steps. First, we show that fixing one c € S?, for \ sufficiently small (depending 
on ne an analogue of Proposition [18.24] holds for the one-parameter family of loops 
pil >(t). By this we mean that either p;I'>(t,) has length less than ¢ or Atoir? (t1)) 
is at most the value v(t) + ¢, where v is the solution to the Equation (I with 
initial condition v(t) = A(I(c)). (Actually, we establish a slightly stronger result, 
see Lemma [I8.53]) The next step in the argument is to take a finite subset S C S$? 
so that for every c € S? there is é € S such that I'(c) and '(é) are sufficiently close. 
Then, using the result of a single c, we fix > 0 sufficiently small so that the analogue 
of Proposition [18.24] for individual curves (or rather the slightly stronger version of 
it) holds for every ¢ € S. Then we complete the proof of Proposition [18.24] using the 
fact that for every c the curve I'(c) is sufficiently close to a curve ['(é) associated to 
an element ¢ € S. 


5.2. The case of a single c € S?. According to Lemma|[18.45] for all \ € (0, 1) 
the lengths and total curvatures of the I(c) are uniformly bounded for all c € S?. 
Hence, by Corollary [18.38] the same is true for A(t) for all c € S? and all t € [to, ty]. 


CLAIM 18.51. There is a constant C4 depending on t;—to, on the curvature bound 
of the sectional curvature of the Ricci flow (M,g(t)), to < t < ti, on the original 
family T and on € such that for any c € S? and any to < t! < t” < ty we have 


A(riF2(t")) — A@iT 2) < Cat" — €+). 


ProoF. All the constants in this argument are allowed to depend on tj — to, on 
the curvature bound of the sectional curvature of the Ricci flow (M,g(t)), to <t< 
t;, on the original family T and on ¢ but are independent of \, c € S?, and t! < t” 
with to < t’ and t” < t,. First, let us consider the surface $[¢’,t’’] in M x Si} swept 
out by c(x,t), t! <t < +t”. We denote by Area (SA[t/, t]) the area of this surface with 
respect to the metric g(t”) x ds?. We compute the derivative of this area for fixed 
as t” varies. There are two contributions to this derivative: (i) the contribution due 
to the variation of the metric g(t”) with t” and (ii) the contribution due to enlarging 


the surface. The first is 
| —Tr Ric’ da 
SAltt”’] 


where Ric” is the restriction of the Ricci tensor of the ambient metric g(t”) to the 
tangent planes to the surface and da is the area form of the surface in the metric 
g(t") x ds. The second contribution is Ae |H|ds. According to Lemma [18.37] 


(x,t!’) 
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there is a constant C’ (depending only on the curvature bound for the manifold flow, 
the initial family I(t) and ¢ and t; —to) such that the second term is bounded above 
by C’. The first term is bounded above by C” Area SA{t’, t!’] where C” depends only 
on the bound on the sectional curvatures of the ambient Ricci flow. Integrating we 
see that there is a constant C} such that the derivative of the area function is at most 
Ct. Since its value at ¢/ is zero, we see that Area SA{t’, t!’] < Ci (t” — t’). It follows 
that the area of p,SA[t’,t”] with respect to the metric g(t”) is at most C(t” — t’). 
Now we compute an upper bound for the forward difference quotient of A(p,TX(t)) 
at t =t’. For any t” > t’ we have a spanning disk for p,I'A(t”) defined by taking the 
union of a minimal spanning disk for p,I'A(t’) and the annulus p;S2{t!, t!”]. As before, 
the derivative of the area of this family of disks has two contributions, one coming 
from the change in the metric over the minimal spanning disk at time ¢’ and the 
other which we computed above to be at most C}. Thus, the derivative is bounded 
above by C5A(p:TX(t’)) + Cl. This implies that the forward difference quotient of 
A(piT'A(t’)) is bounded above by the same quantity. It follows immediately that the 
areas of all the minimal spanning surfaces are bounded by a constant depending only 
on the areas of the minimal spanning surfaces at time to, the sectional curvature 
of the ambient Ricci flow and t; — to. Hence, there is a constant C4 such that the 
forward difference quotient of A(p,I'(t)) is bounded above by Cy. This proves the 
claim. O 





Next, by the uniform bounds on total length of all the curves I(t), it follows 
from Equation that there is a constant Cs (we take Cs > 1) depending only 
on the curvature bound of the ambient manifolds and the family T such that for any 
c € S? we have 


ty 
(18.13) | [ k*dsdt < Cs. 
to JTA(t) 


Thus, for any constant 1 < B < oo there is a subset Ip(c, A) C [to, ti] of measure at 
least (t; — to) — CsB~! such that 


[ k?ds < B 
TA(t) 


for every t € Ip(c,A). (Later, we shall fix B sufficiently large depending on I’ and 
¢.) 

Now we need a result for curve-shrinking that in some ways is reminiscent of Shi’s 
theorem for Ricci flows. 


LEMMA 18.52. Let (M,g(t)), to < t < ti, be a Ricci flow. Then there exist 


constants 6 > 0 and C; < oo fori = 0,1,2,..., depending only on t, — to and a 
bound for the norm of the curvature of the Ricci flow, such that the following holds. 
Let c(x,t) be a curve-shrinking flow that is an immersion for each t. Suppose that 
at a time t' for some 0 <r <1 such that t'+6r? < ty, the length of c(-,t') is at least 
r and the total curvature of c(-,t’) on any subarc of length r is at most 6. Then for 
every t € [t’,t’ + dr”) the curvature k and the higher derivatives satisfy 


ety 7y* 
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\VsH[? < C,(t-t)-, 
Vier <CGa=t), 


The first statement follows from arguments very similar to those in Section 4 of 
[2]. Once k? is bounded by Co/(t—t’) the higher derivative statements are standard, 
see [1]. For completeness we have included the proof of the first inequality in the 
last section of this chapter. 

We now fix 6 > 0 (and also 6 < 1) as described in the last lemma for the Ricci 
flow (M, g(t)), to < t < t1. By Cauchy-Schwarz it follows that for every t € Ip(c, A), 
and for any arc J in P(.,t) of length at most 62B~! we have 


7 k<o. 
Jx{t} 


Applying the previous lemma, for each a € Ip(c, A) with a < ty - B~-! — 5°B~? we 
set J(a) = [a+ 0°B-?/2,a+6°B~] C [tp,t1 - Bo"). Then for all t € Ugerp(c,x)J (a) 
for which the length of T(-,t) is at least 62B~! we have that k and all the norms 
of spatial derivatives of H are pointwise uniformly bounded. Since Ip(c, A) covers 
all of [to,ti] except a subset of measure at most C;B™, it follows that the union 
In(c, d) of intervals J(a) for a € Ip(c, 4) N [to, t1 — B~+ — 6° B~?] cover all of [to, t1] 
except a subset of measure at most C;B7-!+ B-!+6°B7! < 3C;B7!. Now it is 
straightforward to pass to a finite subset of these intervals J(a;) that cover all of 
[to, t1] except a subset of measure at most 3C;B~!. Once we have a finite number 
of J(a;), we order them along the interval [to,t:] so that their initial points form an 
increasing sequence. (Recall that they all have the same length.) Then if we have 
J, 0 Jisg #0, then J;41 is contained in the union of J; and Jj,2 and hence can be 
removed from the collection without changing the union. In this way we reduce to 
a finite collection of intervals J;, with the same union, where every point of [to, t1] 
is contained in at most 2 of the intervals in the collection. Once we have arranged 
this we have a uniform bound, independent of \ and c € S$”, on the number of 
these intervals. We let Jg(c,) be the union of these intervals. According to the 
construction and Lemma [18.52] these sets Jg(c, A) satisfy the following: 


(1) Jp(c,A) C [to,t1 — B~'] is a union of a bounded number of intervals (the 
bound being independent of c € S? and of ) of length 6°B-?/2. 

(2) The measure of Jp(c, ) is at least t; — tg — 3C;B7!. 

(3) For every t € Jg(c,X) either the length of T(t) is less than 62B~! or 
there are uniform bounds, depending only on the curvature bounds of the 
ambient Ricci flow and the initial family [, on the curvature and its higher 
spatial derivatives of A(t). 

Now we fix c € S? and 1 < B < oo and we fix a sequence of \,, tending to zero. 
Since the number of intervals in Jg(c, A) is bounded independent of A, by passing 
to a subsequence of \,, we can suppose that the number of intervals in Jg(c, An) is 
independent of n, say this number is N, and that their initial points (and hence the 
entire intervals since all their lengths are the same) converge as n goes to infinity. 
Let J,,...,Jn be the limit intervals, and for each i,1 <i < N, let J; C J; bea 
slightly smaller interval contained in the interior of J;. We choose the J; so that they 
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all have the same length. Let Jg(c) C [to,t; — B~*] be the union of the J;. Then 
an appropriate choice of the length of the J; allows us to arrange the following: 
(1) Je(c) C Jp(c, An) for all n sufficiently large. 
(2) Jg(c) covers all of [to, ti] except a subset of length 40;B7!. 
Now fix one of the intervals J; making up Jg(c). After passing to a subsequence 
(of the A,,), one of the following holds: 
(3) there are uniform bounds for the curvature and all its derivatives for the 
curves ['A”(t), for all t € J; and all n, or 
(4) for each n there is ty € J; such that the length of I” (t,) is less than 62B7!. 
By passing to a further subsequence, we arrange that the same one of the Alter- 
natives (3) and (4) holds for every one of the intervals J; making up Jp(c). 
The next claim is the statement that a slightly stronger version of Proposi- 


tion holds for p,I')(t). 


LEMMA 18.53. Given ¢ > 0, there is 1 < B < 00, with B > (t,—to)~!, depending 
only on T and the curvature bounds on the ambient Ricci flow (M,g(t)), to <t<t, 
such that the following holds. Let t2 = t; — B-'. Fixc € ae Let ve be the 


solution to Equation {18.4)) with initial condition ve(to) = A(pi(T(c))), so that in 
our previous notation ve = W A(x (F(c)))* Then for all X > 0 sufficiently small, either 


A(piTA(t1)) < ve(t1) + C/2 or the length of T(t) is less than C/2 for all t € [t, ty]. 


PROOF. In order to establish this lemma we need a couple of claims about func- 
tions on |to, ti] that are approximately dominated by solutions to Equation (18.4). 
In the first claim the function in question is dominated on a finite collection of 
subintervals by solutions to these equations and the subintervals fill up most of the 
interval. In the second, we also allow the function to only be approximately domi- 
nated by the solutions to Equation on these sub-intervals. In both claims the 
result is that on the entire interval the function is almost dominated by the solution 
to the equation with the same initial value. 


CLAIM 18.54. Fir Cy as in Claim[18.51] and _fix a constant A> 0. Given >0 
there is 6' > 0 depending on C4, ti — to, and A as well as the curvature bound of 
the ambient Ricci flow such that the following holds. Suppose that f: [to,ti] > R is 
a function and suppose that J C [to, ti] is a finite union of intervals. Suppose that 
on each interval [a,b] of J the function f satisfies 


f(b) < wera),a(b): 
Suppose further that for any t' < t” we have 
f(t") < F(t) + Cult" ~2). 
Then, provided that the total length of |to, ti] \ J is at most 6’ and 0 < f(to) < A, 
we have 
f(t1) S We (to),to (ta) + ¢/4- 


PROoF. We write J as a union of disjoint intervals Jj,..., J, so that Jj < Jis1 
for every i. Let a;, resp. b;, be the initial, resp. final, point of J;. For each i let 6; 
be the length of the interval between J; and Jj,1. (Also, we set 09 = a1 — to, and 
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Op = ty — bg.) Let Cg > 0 be such that Rmin(t) > —2C¢ for all t € [to, t1]. Let V(a) 
be the maximum value of |waz,| on the interval [to,t;] and let V = MaX 4c) V(a). 
let C7 = Cy +22 + C6V. We shall prove by induction that 


0,4] 


i-1 i-1 
F (Gi) — W# (t9),to (@i) < > C75; II eCelJel 
j=0 (=j+1 
and 
w—1 4 
f(d;) — Wf (to),to (b;) < C76; II eColel 
j=0 l=j+1 


We begin the induction by establishing the result at a,. By hypothesis we know 

that 

f(a1) < f(to) + Cardo. 
On the other hand, from the defining differential equation for wy(,)4, and the defi- 
nitions of Cg and V we have 

W f (to), to (a1) 2 f (to) = (CeV 7 27 )d0. 
Thus, 
f (a1) — Wg (to),to (41) < (Ca + 27 + CeV 0 = C750, 

which is exactly the formula given in the case of ay. 

Now suppose that we know the result for a; and let us establish it for b;. Let 
ai = f (ai) — wé(to),to(@i), and let B; = f (bi) — We (t9),t (01). Then by Claim [18.26] we 
have 

Bi < eCslFiley,, 
Given the inductive inequality for a;, we immediately get the one for (;. 
Now suppose that we have the inductive inequality for G;. Then 
f(ait1) S f(bi) + Cadi. 
On the other hand, by the definition of Cg and V we have 
WF(to),to (441) — Wy (to),to (bi) 2 —(CoV + 277d. 
This yields 
Ff (Git1) — W#(49),to(@it41) S Bi + C76. 
Hence, the inductive result for G; implies the result for aj;,. This completes the 
induction. 
Applying this to az41 = t, gives 
k k k 
f (ti) = WF(to),t0 (t1) < a C76; II eColel < Cr S> §jeCo—to) 
j=0 l=j+1 j=0 

Of course Se 6; = t, — to — &(J) < 0’, and C, only depends on C¢, Cy and V, 
while V only depends on A and C¢ only depends on the sectional curvature bound 
on the ambient Ricci flow. Thus, given C4, A and t, — to and the bound on the 
sectional curvature of the ambient Ricci flow, making 0’ sufficiently small makes 
f(t1) — WF (t9),to (t1) arbitrarily small. This completes the proof of the claim. O 
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Here is the second of our claims: 


CLAIM 18.55. Fiz ¢ > 0, A and Cg, C4 as in the last claim, and let 6’ > 0 be as 
in the last claim. Suppose that we have J C [to,ti] which is a finite disjoint union 
of intervals with t, — to — |J| < 6’. Then there is 6” > 0 (6” is allowed to depend 
on J) such that the following holds. Suppose that we have a function f: |to,ti] ~ R 
such that: 

(1) For allt! < t” in [to, ti] we have f(t”) — f(t’) < Cat” —#’). 
(2) For any interval [a,b] C J we have f(b) < we(a)a(b) + 6". 
Then thi) <S W Ff (to),to (t1) + ¢/2. 


PROOF. We define C7 as in the previous proof. We use the notation J = 
Ji []---[[ Je with 4) < Jo < +++ < Jy and let 6; be the length of the interval 
separating J;_; and J;. The arguments in the proof of the previous claim work in 
this context to show that 


f(a) - Wf (to), to (a;) > C76; TI « eColJel 6") 


j=0 f=jt+1 


Applying this to ag, and taking the limit as 6” tends to zero, the right-hand side 
tends to a limit smaller than ¢/4. Hence, for 6” sufficiently small the right-hand 
side is less than ¢/2. O 


Now let us return to the proof of Lemma Recall that c € S? is fixed. 
We shall apply the above claims to the curve-shrinking flow T(t) and thus prove 
Lemma [18.53] Now it is time to fix B. First, we fix A = W(T) + ¢, we let % be 

as in Corollary [18.38] Cy be as in Claim [18.51] Cs be as in Equation (18.13), and 
Cs be as in the proof of Claim [18.54] Then we have 6’ depending on C¢, Ch, Aasin 
Claim [18:54] We fix B so that: 
(1) BS 3Ce(0)-* 
(2) B> 3e@2(4-to)¢-1, and 
(3) B > C2/(log4 — logs). 
The first step in the proof of Lemma [18.53] is the following: 





CLAIM 18.56. After passing to a subsequence of {A}, either: 
(1) for each n sufficiently large there is tn € Jg(c) with the length of T"(tn) < 
6°B!, or 
(2) for each component J; = |t;,t7] of Je(c), after composing Tn (x,t) by 
a reparameterization of the domain circle (fixed in t but a different repa- 
rameterization for each n) so that the D2 (4; ; ) have constant speed, there 
is a smooth limiting curve-shrinking flow denoted T(t ), fort € J; for the 


sequence pil” (t), t <2< c. The limiting flow consists of immersions. 


PROOF. Suppose that the first case does not hold for any subsequence. Fix a 
component J; of Jg(c). Then, by passing to a subsequence, by the fact that Jg(c) C 
Jp(c, An) for all n, the curvatures and all the derivatives of the curvatures of I’ (t) 
are uniformly bounded independent of n for all t € Jg(c). We reparameterize the 


438 18. FINITE-TIME EXTINCTION 


domain circle so that the TP" (t7) have constant speed. By passing to a subsequence 
we can suppose that the lengths of the [dn (t; ) converge. The limit is automatically 
positive since we are assuming that the first case does not hold for any subsequence. 
Denote by S;, = S2”(t>) the unit tangent vector to Tn (t; ) and by u, the inner 
product (S,,U). Now we have a family of loops with tangent vectors and all higher 
derivatives bounded. Since uy, is everywhere positive, since [ u,ds = A, since the 
length of the loop [an (t; ) is bounded away from 0 independent of n, and since 
\(wn)’| = |(Vg,Sn,U)| is bounded above independent of n, we see that u, tends 
uniformly to zero as n tends to infinity. This means that the |p;(S,)| converge 
uniformly to one as n goes to infinity. Since the ambient manifold is compact, 
passing to a further subsequence we have a smooth limit of the pil” (t; ). The 
result is an immersed curve in (M, g(t; )) parameterized at unit speed. Since all the 
spatial and time derivatives of the pil>” (t) are uniformly bounded, by passing to a 
further subsequence, there is a smooth map f: S! x [t; | — M which is a smooth 
limit of the sequence I(t), t; <t<t). If for some t € [t; ,t?7] the curve flsixy 
is immersed, then this limiting map along this curve agrees to first order with the 
curve-shrinking flow. Thus, for some t > t; the restriction of f to the interval [¢; , ¢] 
is a curve-shrinking flow. We claim that f is a curve-shrinking flow on the entire 
interval [t; ,t/]. Suppose not. Then there is a first t/ < t/ for which f| Six{v} is 
not an immersion. According to Lemma [18.29] the maximum of the norms of the 
curvature of the curves f(t) must tend to infinity as ¢ approaches ¢t’ from below. 
But the curvatures of f(t) are the limits of the curvatures of the family pil" (t) 
and hence are uniformly bounded on the entire interval [t; , t;"]. This contradiction 
shows that the entire limiting surface 


f: S' x [t,t7] - (M, ot) 





is a curve-shrinking flow of immersions. O 


REMARK 18.57. Notice that if the first case holds then by the choice of B we 
have a point t, € Jg(c) for which the length of P'2”(t,) is less than e~@24—*0)¢/3. 


For each n, the family of curves pil” (t) in M all have pila” (to) =I(c) as their 
initial member. Thus, these curves are all homotopically trivial. Hence, for each 
t € Jp(c) the limiting curve I'\(c)(t) of the pyI"(t) is then also homotopically trivial. 
It now follows from Lemma [18.32] Claim [18.56] and Remark that one of the 
following two conditions holds: 

(1) for somet € Jp(c) the length of I'(c)(t) is less than or equal to e~C2(41-0) ¢ /3 
or 
(2) the function A(t) that assigns to each t € Jg(c) the area of the minimal 
spanning disk for p;I'(c)(t) satisfies 
dA(t 1 
“ty < -27 — 3 Rmin(t) A(Z) 
in the sense of forward difference quotients. 


By continuity, for any 6” > 0 then for all n sufficiently large one of the following 
two conditions holds: 
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(1) there is ty € Jg(c) such that the length of P”(t,) is less than e~C2—0) ¢/2, 
or 

(2) for every t € Jp(c), the areas of the minimal spanning disks for p,(I'”(t)) 
satisfy 


dA(piP A" (t)) 
dt 


in the sense of forward difference quotients. 


1 “ps 
a 5 Rmin(t)A(pil (t)) + 0” 


Suppose that for every n sufficiently large, for every t € Jp(c) the length of [Tn (t) 
is at least e~©2(41—0)¢/2. We have already seen in Claim[[8.51|that for every t/ < t” 
in [to, t1] the areas satisfy 


Ail 2" (t"))) — A@iP2(¢)) < Ca" - #). 


Since the total length of the complement Jg(c) in [to, ti] is at most 3C;B™', it follows 
from our choice of B that this total length is at most the constant 6’ of Claim [18.54] 
Invoking Claim [18.55] and the fact that A(['(c)) < W(T(c)) +¢ < W(T) +¢ =A, 
we see that for all n sufficiently large we have 


A(pi (TS, (t1))) — veltr) < ¢/2. 


The other possibility to consider is that for each n there is t, € Jg(c) such that 
the length of [A"(tn) < e~@2(4-*0)¢/2. Since Jg(c) C [to, t1 — B74], in this case we 
invoke the first inequality in Corollary [18.38] to see that the length of T(t) < ¢/2 
for every t € [tj — B~!,t,]. This completes the proof of Lemma oO 





5.3. The completion of the proof of Proposition Now we wish 
to pass from Lemma which deals with an individual c € S? to a proof of 
Proposition[[8.24] which deals with the entire family Tr. Let us introduce the following 
notation. Suppose that w C $? is an arc. Then I'(w) = UcewI(c) is an annulus in 
M and for each t € [to, t] we have the annulus I(t) in M x St. 

A finite set S C S$? with the property that for c € Ss? there is € € S and an arc 
w in S? joining c to é so that the area of the annulus I'(w) is less than v is called 
a v-net for I. Similarly, if for every c € S? there is é € S and an arc w connecting 
them for which the area of the annulus T (to) is less than v, we say that S is a v-net 
for I. Clearly, for any v there is a subset S C S? that is a v-net for T and for 
for all ’ sufficiently small. 


LEMMA 18.58. There is a > 0 such that the following holds. Let c,é € S?. 
Suppose that there is an arc w in S? connecting c to é with the area of the annulus 
TA (to) in M x St less than pu. Let va, resp., Uc, be the solution to Equation (18.4 
with initial condition ve(to) = A(T(é)), resp., ve(to) = A(T (c)). If 

A(piT3(t1)) < ve + 6/2, 
then 
A(pi (Ta (t1)) < ve + 6. 
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ProoF. First of all we require that pp < e An-NO"h—to)¢ /4 where C’ is an upper 
bound for the norm of the Riemann curvature tensor at any point of the ambient 
Ricci flow. By Lemma [18.43] the fact that the area of the minimal annulus between 
the ramps I'A(tg) and TA (to) is less than ys implies that the area of the minimal 
annulus between the ramps (ty) and T(t) is less than pe2r-YC'—to) — ¢/4, 
The same estimate also holds for the image under the projection p; of this minimal 
annulus. Thus, with this condition on pu, and for A sufficiently small, we have 


A(pil>(t1)) — A(pilA(t1))| < ¢/4. 


The other condition we impose upon yp is that if a,a@ are positive numbers at most 
W(T)+¢ and ifa<a@+ yp then 


Wa,to (t1) < Wa,tg(t1) + ¢/4. 


Applying this with a = A(I'(c)) and @ = A(I‘(é)) (both of which are at most W(I) < 
W(T) +¢), we see that these two conditions on yz together imply the result. O 





We must also examine what happens if the second alternative holds for Ey We 
need the following lemma to treat this case. 


LEMMA 18.59. There is 6 > 0 such that for any r > 0 there is Ti > 0, depending 
on r and on the curvature bound for the ambient Ricci flow such that the following 
holds. Suppose that y and ¥ are ramps in (M, g(t)) x S. Suppose that the length of 
y is at least r and suppose that on any sub-interval I of y of length r we have 


[bs <0. 
I 


Suppose also that there is an annulus connecting y and ¥ of area less than ft. Then 
the length of ¥ is at least 3/4 the length of y. 


We give a proof of this lemma in the next section. Here we finish the proof of 
Proposition assuming it. 


CLAIM 18.60. There is 4 > 0 such that the following holds. Suppose that c,é € S? 
are such that there is an arc w in S? connecting c and é such that the area of the 
annulus T*(w) is at most p. Set tg =t; — B+. If the length of TA(t) is less than 
¢/2 for allt € [to, ti], then the length of piV>(t1) is less than ¢. 


PROOF. The proof is by contradiction: Suppose that the length of pil 3(t1) is at 
least ¢ and the length of PA@) is less than ¢/2 for all t € [t2,t1]. Of course, it follows 
that the length of P(t,) is also at least ¢. The third condition on B is equivalent 
to 

eO2B™ < 4/3. 
It then follows from Corollary [18.38] that for every t € [t2,t;] the length of Ts (t) is 
at least 3¢/4. On the other hand, by hypothesis for every such t, the length of lies (t) 
is less than ¢/2. It follows from Equation that 


ih (/ Kds dt < C2 ([ LOFAo)at) — LT) 4 L(T(to)). 
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(Here L is the length of the curve.) From this and Corollary [18.38] we see that there 
is a constant Cg depending on the original family [ and on the curvature of the 
ambient Ricci flow such that 


ti 
| ( i vas) er 
te TA (t) 


Since t; — tg = B™!, this implies that there is ¢! € [tg, ti] with 


i: k?ds < CeB. 


re) 


By Cauchy-Schwarz, for any subinterval I of length < r in iw (t’) we have 


[kes < V CgBr. 
I 


We choose 0 < r < ¢ sufficiently small so that “CgBr is less than or equal to the 
constant 6 given in Lemma [18.59] Then we set 77 equal to the constant given by 
that lemma for this value of r. 
Now suppose that p is sufficiently small so that the solution to the equation 
du(t 
MH) — (an — 1)[Rmg¢y a(t 
with initial condition p(to) < y is less than 7 on the entire interval [¢o,¢:]. With 
this condition on u, Lemma implies that for every t € [to, ti] the ramps I(t) 
and T'A(t) are connected by an annulus of area at most 7. In particular, this is true 
for TA(t’) and TA(t’). Now we have all the hypotheses of Lemma [18.59] at time ’. 
Applying this lemma we conclude that 
= a 
LT3(t)) = LCE). 
But this is a contradiction since by assumption rae (t’)) < ¢/2 and the supposition 
that L(p,TA(t,)) > ¢ led to the conclusion that L(TA(t’)) > 3¢/4. This contradiction 
shows that our supposition that L(piTA(t1)) > ¢ is false. O 





Now we complete the proof of Proposition 


ProoF. (of Proposition[18.24]) Fix > 0 sufficiently small so that Lemmal[I8.58] 
and Claim [18.60] hold. Then we choose a s/2-net X for I. We take sufficiently 
small so that Lemma [18.53] holds for every 6 € S. We also choose X sufficiently 
small so that X is a p-net for I. Let c € $2. Then there is é € S and an are w 
connecting c and ¢ such that the area of l (w) < p. Let ve, resp., Ue be the solution 
to Equation with initial condition va(to) = A(T(é)), resp., ve(to) = A(I'(c)). 
According to Lemma [18.53] either A(piT'3(t1)) < va(t1) + ¢/2 or the length of T(t) 
is less than ¢/2 for every t € [t2,t;] where tg = t; — B~'. In the second case, 
Claim [18:60] implies that the length of pil (t1) is less than ¢. In the first case, 
Lemma [18.58] tells us that A(p;I>(t1)) < v(t1) + ¢. This completes the proof of 
Proposition [18.24] O 
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6. Proof of Lemma [i8.59} annuli of small area 


Except for the brief comments that follow, our proof involves geometric analysis 
that takes place on an abstract annulus with bounds on its area, upper bounds on 
its Gaussian curvature, and on integrals of the geodesic curvature on the boundary. 
Proposition below gives the precise result along these lines. Before stating 
that proposition, we show that its hypotheses hold in the situation that arises in 
Lemma{[I8.59} Let us recall the situation of Lemma[I8.59} We have ramps ¥ and ¥ in 
which are real analytic embedded curves in the real analytic Riemannian manifold 
(M x Shg x ds”). By a slight perturbation we can assume they are disjointly 
embedded. These curves that are connected by an annulus Ag — M x re of small 
area, an area bounded above by, say, . We take an energy minimizing map of an 
annulus w: A + M x S} spanning y[]%4. According to [40], 7 is a real analytic 
map and the only possible singularities (non-immersed points) of the image come 
from the branch points of w, i.e., points where dy vanishes. There are finitely many 
branch points. If there are branch points on the boundary, then the restriction 
of w to OA will be a homeomorphism rather than a diffeomorphism onto y[|7¥. 
Outside the branch points, ~ is a conformal map onto its image. The image is an 
area minimizing annulus spanning y[|[%4. Thus, the area of the image is at most ju. 
According to the only branch points on the boundary are false branch points, 
meaning that a local smooth reparameterization of the map on the interior of A near 
the boundary branch point removes the branch point. These reparameterizations 
produce a new smooth structure on A, identified with the original smooth structure 
on the complement of the boundary branch points. Using this new smooth structure 
on A the map ~ is an immersion except at finitely many interior branch points. From 
now on the domain surface A is endowed with this new smooth structure. Notice 
that, after this change, the domain is no longer real analytic; it is only smooth. Also, 
the original annular coordinate is not smooth at the finitely many boundary branch 
points. 

The pullback of the metric g x ds? is a smooth symmetric two-tensor on A. Off 
the finite set of interior branch points it is positive definite and hence a Riemannian 
metric, and in particular, it isa Riemannian metric near the boundary. It vanishes at 
each interior branch point. Since the geodesic curvature kgeoq of the boundary of the 
annulus is given by k-n where n is the unit normal vector along the boundary pointing 
into A, we see that the restriction of the geodesic curvature to 7, kgeoa: yY — R has 
the property that for any sub-arc I of y of length r we have 


| idles 
I 


Lastly, because the map of A into M x St is minimal, off the set of interior branch 
points, the Gaussian curvature of the pulled back metric is bounded above by the up- 
per bound for the sectional curvature of M x che which itself is bounded independent 
of X and t, by say C’ > 0. 

Next, let us deal with the singularities of the pulled back metric on A caused by 
the interior branch points. As the next claim shows, it is an easy matter to deform 
the metric slightly near each branch point without increasing the area much and 
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without changing the upper bound on the Gaussian curvature too much. Here is 
the result: 


CLAIM 18.61. Let y: A C M x S} be an area-minimizing annulus of area at 
most with smoothly embedded boundary as constructed above. Let h be the induced 
(possibly singular) metric on A induced by pulling back g x ds? by w, and let C” > 0 
be an upper bound on the Gaussian curvature of h (away from the branch points). 
Then there is a deformation h of h, supported near the interior branch points, to a 
smooth metric with the property that the area of the deformed smooth metric is at 
most 24. and where the upper bound for the curvature of h is 2C”. 


PrRooF. Fix an interior branch point p. Since ~ is smooth and conformal onto 
its image, there is a disk in A centered at p in which h = f(z,Z)|dz|? for a smooth 
function f on the disk. The function f vanishes at the origin and is positive on the 
complement of the origin. Direct computation shows that the Gaussian curvature 
K(h) of h in this disk is given by 

Af | IVF 
K(h) = — +25 <C 
where A is the usual Euclidean Laplacian on the disk and |Vf|? = (Of /0x)? + 
(Of /Oy)?. Now consider the metric (f + €)|dz|? on the disk. Its Gaussian curvature 


is 
=Oy IV Fl? 
afte)? Af t+e)> 
CLAIM 18.62. For alle > 0 the Gaussian curvature of (f + €)|dz|? is at most 
2c". 


Proor. We see that —Af < C” f?, so that 


<Of | IWsP _ (fFOCAN HIVEE 
(fte?  (f+e3 (f +63 
OF ee Hg efeo” i 
= “Caer =o ee 


O 





Now we fix a smooth function p(r) which is identically one on a subdisk D’ of D 
and vanishes near 0D and we replace the metric h on the disk by 


he = (f + €p(r))|dz/*. 


The above computation shows that the Gaussian curvature of h, on D’ is bounded 
above by 2C”. As € tends to zero the restriction of the metric h, to D\ D’ converges 
uniformly in the C'-topology to h. Thus, for all € > 0 sufficiently small the Gaussian 
curvature of h, on D \ D’ will also be bounded by 2C”. Clearly, as € tends to zero 
the area of the metric h, on D tends to the area of h on D. 

Performing this construction near each of the finite number of interior branch 
points and taking « sufficiently small gives the perturbation h as required. O 
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Thus, if y and 4 are ramps as in Lemma then replacing 7 by a close 
C? approximation we have an abstract smooth annulus with a Riemannian met- 
ric connecting y and ¥. Taking limits shows that establishing the conclusion of 
Lemma [18.59] for a sequence of better and better approximations to ¥ will also es- 
tablish it for 7. This allows us to assume that y and ¥ are disjoint. The area of this 
annulus is bounded above by a constant arbitrarily close to u. The Gaussian curva- 
ture of the Riemannian metric is bounded above by a constant depending only on 
the curvature bounds of the ambient Ricci flow. Finally, the integral of the absolute 
value of the geodesic curvature over any interval of length r of 7 is at most 6. 

With all these preliminary remarks, we see that Lemma/[I8-59] follows from: 


PROPOSITION 18.63. Fix 0 < 6 < 1/100. For each 0 < r and C" < oo there is 
a pt > 0 such that the following holds. Suppose that A is an annulus with boundary 
components co and c,. Denote by l(co) and I(c,) the lengths of co and c,, respectively. 
Suppose that the Gaussian curvature of A is bounded above by C”. Suppose that 
l(co) > r and that for each sub-interval I of co of length r, the integral of the 
absolute value of the geodesic curvature along I is less than 6. Suppose that the area 
of A is less than . Then 


oe “I(c0) 


To us, this statement was intuitively extremely reasonable but we could not find 
a result along these lines stated in the literature. Also, in the end, the argument we 
constructed is quite involved, though elementary. 

The intuition is that we exponentiate in from the boundary component co using 
the family of geodesics perpendicular to the boundary. The bounds on the Gaussian 
curvature and local bounds on the geodesic curvature of co imply that the exponen- 
tial mapping will be an immersion out to some fixed distance 6 or until the geodesics 
meet the other boundary, whichever comes first. Furthermore, the metric induced 
by this immersion will be close to the product metric. Thus, if there is not much 
area, it must be the case that, in the measure sense, most of the geodesics in this 
family must meet the other boundary before distance 6. One then deduces the length 
inequality. There are two main difficulties with this argument that must be dealt 
with. The first is due to the fact that we do not have a pointwise bound on the geo- 
desic curvature of cg, only an integral bound of the absolute value over all curves of 
short length. There may be points of arbitrarily high geodesic curvature. Of course, 
the length of the boundary where the geodesic curvature is large is very small. On 
these small intervals the exponential mapping will not be an immersion out to any 
fixed distance. We could of course, simply omit these regions from consideration 
and work on the complement. But these small regions of high geodesic curvature on 
the boundary can cause focusing (i.e., crossing of the nearby geodesics). We must 
estimate out to what length along the boundary this happens. Our first impression 
was that the length along the boundary where focusing occurred would be bounded 
in terms of the total turning along the arc in cp. We were not able to establish 
this. Rather we found a weaker estimate where this focusing length is bounded in 
terms of the total turning and the area bounded by the triangle cut out by the 
two geodesics that meet. This is a strong enough result for our application. Since 
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the area is small and the turning on any interval of length r is small, a maximal 
collection of focusing regions will meet each interval of length r in cg in a subset of 
small total length. Thus, on the complement (which is most of the length of co) the 
exponential mapping will be an immersion out to length 6 and will be an embed- 
ding when restricted to each interval of length one. The second issue to face is to 
show that the exponential mapping on this set is in fact an embedding, not just an 
immersion. Here one uses standard arguments invoking the Gauss-Bonnet theorem 
to rule out various types of pathologies, e.g., that the individual geodesics are not 
embedded or geodesics that end on co rather than c,, etc. Once these are ruled out, 
one has established that the exponential map on this subset is an embedding and 
the argument finishes as indicated above. 


6.1. First reductions. Of course, if the hypothesis of the proposition holds 
for r > 0 then it holds for any 0 < r’ < r. This allows us to assume that r < 
min((C”)~1/2,1). Now let us scale the metric by 4r~?. The area of A with the 
rescaled metric is 4r~? times the area of A with the original metric. The Gaussian 
curvature of A with the rescaled metric is less than (r?C”/4) < 1. Furthermore, 
in the rescaled metric cg has length greater than 2 and the total curvature along 
any interval of length 1 in co is at most 6. This allows us to assume (as we shall) 
that r = 1, that C” < 1, and that I(co) > 2. We must find a uw > 0 such that the 
proposition holds provided that the area of the annulus is less than wu. 

The function kgeoq: Co + R is smooth. We choose a regular value @ for kgeoq with 
1<a< 1.1. In this way we divide co into two disjoint subsets, Y where kgeoq > @, 
and X where kgeoq < a. The subset Y is a union of finitely many disjoint open 
intervals and X is a disjoint union of finitely many closed intervals. 


REMARK 18.64. The condition on kgeoq implies that for any arc J in cg of length 
1 the total length of JM Y is less than 6. 


Fix 0’ > 0. For each x € X there is a geodesic D, in A whose initial point is x 
and whose initial direction is orthogonal to cg. Let f(x) be the minimum of 6 and 
the distance along D, to the first point (excluding x) of its intersection with OA. 
We set 

Sx() = {(x,t) € X x [0, 3']| ts fie)} 
The subset Sx (6’) inherits a Riemannian metric from the product of the metric on 
X induced by the embedding X C cp and the standard metric on the interval (0, 6’]. 


CLAIM 18.65. There is 6’ > 0 such that the following holds. The exponential 
mapping defines a map exp: Sx(0') — A which is a local diffeomorphism and the 
pullback of the metric on A defines a metric on Sx(6') which is at least (1 — 6)? 
times the given product metric. 


ProoF. This is a standard computation using the Gaussian curvature upper 
bound and the geodesic curvature bound. O 


Now we fix 0 < 6’ < 1/10 so that Claim [18.65] holds, and we set Sx = S'x(0’). 
We define 





0,Sx = {(z,t) € Sx| t=falh 
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Then the boundary of Sx is made up of X, the arcs {x} x [0, f(x)] for « € OX and 
0,(Sx). For any subset Z C X we denote by Sz the intersection (Z x [0,6]) N Sx, 
and we denote by 0;(5'z) the intersection of Sz 0,Sx. 

Lastly, we fix w > 0 with uw < (1 —6)?(6’)/10. Notice that this implies that 
pt < 1/100. We now assume that the area of A is less than this value of yu (and recall 
that r = 1, C” = 1 and I(co) > 2). We must show that I(c,) > 31(co) /4. 


6.2. Focusing triangles. By a focusing triangle we mean the following. We 
have distinct points x,y € X and sub-geodesics Di, C Dz and Dy C Dy that are 
embedded arcs with x, respectively y, as an endpoint. The intersection D/.n D, is 
a single point which is the other endpoint of each of Di, and Di. Notice that since 
Di, C Dy and Dy C Dy, by construction both D!, and Dy have lengths at most 0’. 
We have an arc € in cp with endpoints x and y and the loop € x Di, * (D!,.)~! bounds 
a disk B in A. The arc € is called the base of the focusing triangle and with, respect 
to an orientation of co, if x is the initial point of € then D’, is called the left-hand 
side of the focusing triangle and DD, is called its right-hand side. See Fic. [I] 


D; D; 





FIGURE 1. Focusing triangle. 


Our main goal here is the following lemma which gives an upper bound for the 
length of the base, €, of a focusing triangle in terms of the turning along the base 
and the area of the region B enclosed by the triangle. 


LEMMA 18.66. Suppose that we have a focusing triangle T with base € bounding 
a disk B in A. Suppose that the length of € is at most one. Then 


I(f) < ( [ Kyeols + Area(B) 


Proor. We begin with a preliminary computation. We denote by a(B) the area 
of B. We define 


ig= [ Fscoads and Te = [Veo 


Recall that given a piecewise smooth curve, its total turning is the integral of the 
geodesic curvature over the smooth part of the botyAdary plus the sum over the break 
points of 7 minus the interior angle at the break point. The Gauss-Bonnet theorem 
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tells us that for any compact surface with piecewise smooth boundary the integral of 
the Gaussian curvature over the interior of the surface plus the total turning around 
the boundary equals 27 times the Euler characteristic of the surface. 


CLAIM 18.67. The angle 0g between D!, and D, at the verter v satisfies 
OB <te+a(B) 
and for any measurable subset B' C B we have 
6p — te — a(B) < Kda < a(B). 
B' 

PROOF. Since D’, and D, meet OA in right angles, the total turning around the 

boundary of B is 
te + 27 — Op. 


Thus, by Gauss-Bonnet, we have 


OB = Kda + te. 
B 


But K < 1, giving the first stated inequality. On the other hand [ p Kda 
Jz Ktda+ [,K-da, where Kt = max(K,0) and KT = K — Kt. Since 0 
Jz K*da < a(B) and {, K~ <0, the second string of inequalities follows. 


DIA Il 








In order to make the computation we need to know that this triangle is the 
image under the exponential mapping of a spray of geodesics out of the vertex v. 
Establishing that requires some work. 


CLAIM 18.68. Let a € int€. There is a shortest path in B from a to v. This 
shortest path is a geodesic meeting OB only in its end points. It has length < 
(1/2) + &. 


PROOF. The length estimate is obvious: Since € has length at most 1, a path 
along 0AM B from a to the closest of x and y has length at most 1/2. The corre- 
sponding side has length at most 6’. Thus, there is a path from a to v in B of length 
at most (1/2) + 6’. 

Standard convergence arguments show that there is a shortest path in B from a 
to v. Fix a € int(OAN B). It is clear that the shortest path cannot meet either of 
the ‘sides’ D/. and u, at any point other than v. If it did, then there would be an 
angle at this point and a local shortcut, cutting off a small piece of the angle, would 
provide a shorter path. We must rule out that the shortest path from a to v meets 
OAQ B in another point. If it does, let a’ be the last such point (parameterizing 
the geodesic starting at a). The shortest path from a then leaves OA at a’ in the 
direction tangent at a’ to 0A. (Otherwise, we would have an angle which would 
allow us to shorten the path just as before.) This means that we have a geodesic 
from v to a’ whose interior is contained in the interior of B and which is tangent to 
OA at a’. We label the endpoints of 0AM B so that the union of 7 and the interval 
on 0AM B from a’ to y gives a C!-curve. Consider the disc B’ bounded by 7, the 
arc of 0A from a’ to y, and DD. The total turning around the boundary is at most 
37/2 + 6, and the integral of the Gaussian curvature over B’ is at most the area of 
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B, which is less than pw < 1/20 < (a/4) — 6. This contradicts the Gauss-Bonnet 
theorem. Oo 





CLAIM 18.69. For any a € (OAN B) there is a unique minimal geodesic in B 
from a to v. 


PROOF. Suppose not; suppose there are two y and 7 from v to a. Since they 
are both minimal in B, each is embedded, and they must be disjoint except for 
their endpoints. The upper bound on the curvature and the Gauss-Bonnet theorem 
implies that the angles that they make at each endpoint are less than pw < 7/2. 
Thus, there is a spray of geodesics (i.e. geodesics determined by an interval 3 in the 
circle of directions at v) coming out of v and moving into B with extremal members 
of the spray being y and 7’. The geodesics y and 7’ have length at most (1/2) + 6’, 
and hence the exponential mapping from v is a local diffeomorphism on all geodesics 
of length at most the length of y. Since the angle they make at a is less than 7/2 
and since the exponential mapping is a local diffeomorphism near 7, as we move 
in from the y end of the spray we find geodesics from v of length less than the 
length of y ending on points of y’. The same Gauss-Bonnet argument shows that 
the angles that each of these shorter geodesics makes with 7’ is at most 4. Consider 
the subset 3’ of 3 which are directions of geodesics in B of length < (1/2) + 6’ that 
end on points of 7/ and make an angle less than yz with 7’. We have just seen that 
2’ contains an open neighborhood of the end of @ corresponding to y. Since the 
Gaussian curvature is bounded above by 1, and these geodesics all have length at 
most 1/2 +, it follows that the exponential map is a local diffeomorphism near all 
such geodesics. Thus, 3’ is an open subset of 3. On the other, hand if the direction 
of y’ 47’ is a point b” € B which is an endpoint of an open interval (’, and if this 
interval separates b” from the direction of 7 then the length of 7’ is less than the 
length of each point in the interval. Hence, the length of 7” is less than (1/2) + 6’. 
Invoking Gauss-Bonnet again we see that the angle between 7" and 7’ is < p. 

This proves that if U is an open interval in 3’ then the endpoint of U closest to the 
direction of 7 is also contained in 6’ (unless that endpoint is the direction of 7’). It 
is now elementary to see that (’ is all of 3 except the endpoint corresponding to 7. 
But this is impossible. Since the exponential mapping is a local diffeomorphism out 
to distance (1/2) + 6’, and since ¥’ is embedded, any geodesic from v whose initial 
direction is sufficiently close to that of 7/ and whose length is at most (1/2) +0" will 
not cross 7’. O 


See Fia. 2] 





REMARK 18.70. The same argument shows that from any a € (OAM B) there is 
a unique embedded geodesic in B from v to a with length at most (1/2) + 6’. (Such 
geodesics may cross more than once, but the argument given in the lemma applies 
to sub-geodesics from v to the first point of intersection along 7¥.) 


Let E be the sub-interval of the circle of tangent directions at v consisting of all 
tangent directions of geodesics pointing into B at v. The endpoints of & are the 
tangent directions for D’, and D/,. We define a function from € to the interval F 
by assigning to each a € € the direction at v of the unique minimal geodesic in B 
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UV 


g 


FIGURE 2. Spray of geodesics from v. 


from v to a. Since the minimal geodesic is unique, this function is continuous and, 
by the above remark, associates to x and y the endpoints of E. Since geodesics 
are determined by their initial directions, this function is one-to-one. Hence it is a 
homeomorphism from € to E. That is to say the spray of geodesics coming out of 
v determined by the interval FE’ produces a diffeomorphism between a wedge-shaped 
subset of the tangent space at v and B. Each of the geodesics in question ends when 
it meets €. 

Now that we have shown that the region enclosed by the triangle is the image 
under the exponential map from the vertex v of a wedge-shaped region in the tan- 
gent space at v, we can make the usual computation relating length and geodesic 
curvature. To do this we pull back to the tangent space at v, and, using polar 
coordinates, we write € as {s = h(w);~ © E} where s is the radial coordinate and 
w is the angular coordinate. Notice that h(q) < (1/2) + 6 for all  € E. (In fact, 
because the angles of intersection at the boundary are all close to 7/2 we can give a 
much better estimate on h but we do not need it.) We consider the one-parameter 
family of arcs A(t) defined to be the graph of the function t + s(t) = th(w), for 
O0<t<1. We set I(t) equal to the length of A(t). 


CLAIM 18.71. 

dl 

Gl) Smaxycehv) f  byeoads 

dt X(t) 

PROOF. First of all notice that, by construction, the curve €, which is defined by 

{s = h(w)}, is orthogonal to the radial geodesics to the endpoints. As a consequence, 
h'(w) = 0 at the endpoints. Thus, each of the curves \(t) is orthogonal to the radial 
geodesics through its end points. Therefore, as we vary the family A(t) the formula 
for the derivative of the length is 


I(t) = [ _ bas DRC fos( Hs) as 


where 6(~,t) is the angle at (th(w), 7) between the curve s = th(w) and the radial 
geodesic. The result follows immediately. O 





Next, we must bound the turning of X(t). For this we invoke the Gauss-Bonnet 
theorem once again. Applying this to the wedge-shaped disk W(t) cut out by X(t) 
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gives 
Kda +f Kgcoads = Op. 
W(t) X(t) 
From Claim |18.67| we conclude that 
fi Kgeoads Ste + a(B). 
A(t) 


Of course, by Claim[18.68] we have maxyeph(w) < (1/2) +6’. Since 1(0) = 0, this 
implies that 
I(é) =1(1) < (a(B) + tg)((1/2) + 6’) < a(B) + tp. 
This completes the proof of Lemma O 





COROLLARY 18.72. Suppose that T is a focusing triangle with base € of length at 
most one. Then the length of € is at most 6+ pp. More generally, suppose we have 
a collection of focusing triangles T,,...,T, whose bases all lie in a fixed interval of 
length one in cg. Suppose also that the interiors of disks bounded by these focusing 
triangles are disjoint. Then the sum of the lengths of the bases is at most 6 + w. 


PROOF. The first statement is immediate from the previous lemma. The second 
comes from the fact that the sum of the areas of the disks bounded by the 7; is at 
most yj and the sum of the total turnings of the €; is at most 6. O 





This completes our work on the local focusing issue. It remains to deal with global 
pathologies that would prevent the exponential mapping from being an embedding 
out to distance 6’. 


6.3. No D, is an embedded arc with both ends in co. One thing that we 
must show is that the geodesics D, are embedded. Here is a special case that will 
serve some of our purposes. 


LEMMA 18.73. For each x € X, there is no non-trivial sub-geodesic of Dz, which 
is a homotopically trivial embedded loop in A. 


PROOF. Were there such a loop, its total turning would be 7 minus the angle it 
makes when the endpoints of the arc meet. Since K < 1 and the area of the disk 
bounded by this loop is less than the area of A which in turn is less than ps < 7, one 
obtains a contradiction to the Gauss-Bonnet theorem. CO 





Next, we rule out the possibility that one of the geodesics D, has both endpoints 
contained in cp. This is the main result of this section. In a sense, what the 
argument we give here shows that if there is a D, with both ends on co, then under 
the assumption of small area, D, cuts off a thin tentacle of the annulus. But out 
near the end of this thin tentacle there must be a short arc with large total turning, 
violating our hypothesis on the integrals of the geodesic curvature over arcs of length 
at most one. 


LEMMA 18.74. There is no x for which D, is an embedded arc with both endpoints 
on co and otherwise disjoint from OA. 
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PROOF. Suppose that there were such a D,. Then D, separates A into two 
components, one of which, B, is a topological disk. Let cp be the intersection of co 
with B. We consider two cases: Case (i): I(cg) < 1 and Case (ii): I(¢5) > 1. 

Let us show that the first case is not possible. Since D, is a geodesic and D, is 
perpendicular to cg at one end, the total turning around the boundary of B is at 
most 


37/2 +f Kgeoads < 30/2 + 6, 
© 


where the last inequality uses the fact that the length of cj is at most one. On 
the other hand, [, Kda < p, and pw < 1/20 < (/2) — 6. This contradicts the 
Gauss-Bonnet theorem. 

Now let us consider the second case. Let J be the subinterval of cj with one 
end point being x and with the length of J being one. We orient J so that «x is its 
initial point. We set X; = JM X. We define Sx,(B) C Sx, as follows. For each 
y € Xz we let f(y) be the minimum of 0’ and the distance along D, to the first 
point (excluding y) of D, contained in OB and let D,(B) be the sub-geodesic of 
D, of this length starting at y. Then Sxy,(B) C Sx, is the union over y € Xj, of 
(0, fa(y)]. Clearly, the exponential mapping defines an immersion of Sx ,(B) into B. 
We need to replace X 7 by a slightly smaller subset in order to make the exponential 
mapping be an embedding. To do this we shall remove bases of a maximal focusing 
triangles in B. 

First notice that for each y € X 7 the exponential mapping is an embedding on 
D,(B). The reason is that the image of D,(B) is a geodesic contained in the ball 
B. Lemma [I8.73] then shows that this geodesic is embedded. This leads to: 


CLAIM 18.75. For any component c of Xj , the restriction of the exponential 
mapping to S.(B) = (cx [0,6’)) A Sx,(B) is an embedding. 


PRooF. Since the geodesics that make up S,.(B) have length at most 6’ < 1/10 
and since the curvature of the annulus is bounded above by 1, the restriction of the 
exponential mapping to S.(B) is a local diffeomorphism. The restriction to each 
{y} x [0, fa(y)] is an embedding onto D,(B). If the restriction of the exponential 
mapping to S,(B) is not an embedding, then there are y # y’ in c such that the 
geodesics D,(B) and Dy (B) meet. When they meet, they meet at a positive angle 
and by the Gauss-Bonnet theorem this angle is less than w+6. Thus, all the geodesics 
starting at points sufficiently close to y’ and between y and 7’ along c must also meet 
D,(B). Of course, if a sequence of D,,(B) meet D,(B), then the same is true for 
the limit. It now follows that Dy(B) meets D,(B) for all y” between y and y’. This 
contradicts the fact that D,(B) is embedded. O 





CLAIM 18.76. Any focusing triangle for J must contain a component of J \ XJ. 
If {Tn} is an infinite sequence of focus triangles for J, then, after passing to a 
subsequence, there is a limiting focusing triangle for J. 


PROOF. The first statement is immediate from Claim Since X 1 J is 
compact, it is clear that after passing to a subsequence each of the sequence of left- 
hand sides and the sequence of right-hand sides converge to a geodesic arc orthogonal 
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to J at points of X. Furthermore, these limiting geodesics meet in a point at distance 
at most 6’ from the end of each. The only thing remaining to show is that the limiting 
left- and right-hand sides do not begin at the same point of X. This is clear since 
each focusing triangle contains one of the finitely many components of J\ X;. O 


Using Claim [18-76] we see that if there is a focusing triangle for J there is a first 
point x; in X 7 whose associated geodesic contains the left-hand side of a focusing 
triangle for J. Then since the base length of any focusing triangle is bounded by 
a fixed constant, invoking again Claim that there is a focusing triangle JT; 
for J that has left-hand side contained in the geodesic D,;, and has a maximal 
base among all such focusing triangles, Maximal in the sense that the base of this 
focusing triangle contains the base of any other focusing triangle with left-hand side 
contained in D,,. Denote its base by €; and denote the right-hand endpoint of &, 
by y,. For the triangle we take the geodesic arcs to the first point of intersection 
measured along D,,. Set J; = J\&, and repeat the process for Jj. If there is a 
focusing triangle for J, we find the first left-hand side of such focusing triangles and 
then find the maximal focusing triangle 72 with this left-hand side. 








CLAIM 18.77. The interior of Tz is disjoint from the interior of Ty. 


PROOF. Since by construction the interiors of the bases of J; and 72 are disjoint, 
if the interior of Tj meets 7;, then one of the sides of Jo crosses the interior of one of 
the sides of 7,. But since 7; is a maximal focusing triangle with its left-hand side, 
neither of the sides of J) can cross the interior of the left-hand side of J,. If one of 
the sides of Jz crosses the interior of the right-hand side of 7), then the right-hand 
side of J; is the left-hand side of a focusing triangle for J;. Since by construction 
the left-hand side of 72 is the first such, this means that the left-hand side of 7) 
is the right-hand side of 7;. This means that the right-hand side of 72 terminates 
when it meets the right-hand side of J, and hence the right-hand side of 72 ends the 
first time that it meets the right-hand side of 7, and hence does not cross it. O 





We continue in this way constructing focusing triangles for J with disjoint interi- 
ors. Since each focusing triangle for J contains a component of J \ X 7, and as there 
are only finitely many such components, this process must terminate after a finite 
number of steps. Let 71,...,7; be the focusing triangles so constructed, and denote 
by & the base of J;. Let X4, = Xz \ Ue ae. 


DEFINITION 18.78. We call the triangles 7j,...,Z, constructed above, the maz- 
imal set of focusing triangles for J relative to B. 


CLAIM 18.79. The length of X‘, is at least 1 — 26 — p. 


PROOF. Since the interiors of the 7; are disjoint, according to Corollary [18.72| 
we have )7,1(&) < 6+. We also know by Remark that the length of Xz is 
at least (1 — 6). Putting these together gives the result. O 





We define Sx (B) to be the intersection of Sx,(B) with Sy. 


CLAIM 18.80. The restriction of the exponential mapping to Sx (B) is an em- 
bedding. 
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PROOF. Suppose that we have distinct points z’,y’ in X’, such that Dz (B) 
Dy (B) 4 0. We assume that x’ < y’ in the orientation on J. Then there is a 
focusing triangle for J whose base is the sub-arc of J with endpoints x’ and y’, and 
hence the left-hand side of the focusing triangle is contained in D,.(B). Since 2’ 
is not a point of U;€; either it lies between two of them, say €; and €j+41 or it lies 
between the initial point x of J and the initial point of € or it lies between the last 
€, and the final point of J. 

But zx’ cannot lie before €, for this would contradict the construction which took 
as the left-hand endpoint of € the first point of J whose geodesic contained the 
left-hand side of a focusing triangle for J. Similarly, x’ cannot lie between €; and 
€j41 for any j since the left-hand endpoint of €;+1 is the first point at or after the 
right-hand endpoint of €; whose geodesic contains the left-hand side of a focusing 
triangle for J. Lastly, x’ cannot lie to the right of the last €;, for then we would not 
have finished the inductive construction. O 





We pull back the metric of A to the $ x/,(B) by the exponential mapping. Since 
this pullback metric is at least (1—6d)? times the product of the metric on X’, induced 
from cp and the usual metric on the interval, and since the map on this subset is 
an embedding, we see that the area of the region of the annulus which is the image 
under the exponential mapping of this subset is at least 


(87 fp(a)ds, 
XG 


where s is arc length along X‘,. Of course, the area of this subset is at most jz. This 
means that, setting Z equal to the subset of X/,(6’) given by 
Z={zE X)|fa(z) < #5, 

the total length of X4 \ Z satisfies 
1 
16° 
where the last inequality is an immediate consequence of our choice of uw. Thus, 
the length of Z is at least (0.9 — 26 — yz) > 0.87. Let 0;5z(B) be the union of the 
final endpoints (as opposed to the initial points) of the D,(B) as x ranges over Z. 
Of course, since fp(z) < 6’ for all z € Z, it must be the case that the exponential 
mapping embeds 0,57(B) into 0B. Furthermore, the total length of the image of 
0,5z(B) is at least (1—6)1(Z) > 0.86. The boundary of B is made up of two pieces: 
D, and an arc on cg. But the length of D, is at most 6’ < 1/20 so that not all of 
0,5'z(B) can be contained in D,. Thus, there is z € Z, distinct from x such that 
D, has both endpoints in co. It then follows that all points of Z that are separated 
(along J) from x by z have the same property. Since the length of Z is at least 0.86, 
it follows that there is a point z € X at least distance 0.85 along J from x with the 
property that D, has both endpoints in cp. The complementary component of D, 
in A, denoted B’, is a disk that is contained in B and the length of B’MN cp is at least 
0.85 less than the length of BM cp. 

The length of B’Ncp cannot be less than 1, for that gives a contradiction. But if 
the length of B’M co is greater than one, we now repeat this construction replacing 


U(X4\ Z) < (1 8)-2(6)'p < 


454 18. FINITE-TIME EXTINCTION 


B by B’. Continuing in this way we eventually we cut down the length of BM co to 
be less than one and hence reach a contradiction. O 





6.4. For every x € X, the geodesic D, is embedded. The steps in the 
above argument inductively constructing disjoint maximal focusing triangles and 
showing that their bases have a small length and that off of them the map is an 
embedding will be repeated in two other contexts. The next context is to rule out 
the case when a sub-arc of D, forms a homotopically non-trivial loop in A. 


LEMMA 18.81. For any x € X there is no sub-geodesic of D, that is an embedded 
loop in A. 


PRooF. We have already treated the case when the loop bounds a disk. Now we 
need to treat the case when the loop is homotopically non-trivial in A. Let D/, C Dz 
be the minimal compact sub-geodesic containing x that is not an embedded arc. Let 
int B be the complementary component of D/, in A that contains co \ {x}. There 
is a natural compactification of int B as a disk and an immersion of this disk into 
A, an immersion that is two-to-one along the shortest sub-geodesic of D’, from x to 
the point of intersection of D, with itself. We do exactly the same construction as 
before. Take a sub-arc J of length one with x as an endpoint and construct Sy ,(B) 
consisting of the union of the sub-geodesics of D,, for z € JNX that do not cross the 
boundary of B. We then construct a sequence of maximal focusing triangles along 
J relative to B just as in the previous case. In this way we construct a subset Z of 
XJ of total length at least 0.87 with the property that for every z € Z the final 
end of D!(B) lies in 0B. Furthermore, the length of the arcs that these final ends 
sweep out is at least 0.86. Hence, since the total length of the part of the boundary 
of B coming from D’, is at most 26’ < 0.2, there must be a z € Z for which D,(B) 
has both ends in cp. This puts us back in the case ruled out in Lemma[I8.74] O 





6.5. Far apart D,’s don’t meet. Now the last thing that can prevent the 
exponential mapping in the complement of the focusing triangles from being an 
embedding is that geodesics D; and D, might meet even though x and y are far 
apart along cy. Our next goal is to rule this out. 


LEMMA 18.82. Let x,y be distinct points of X. Suppose that there are sub- 
geodesics D!, C Dy and Di, C Dy with a common endpoint. Then the arc D!,*(Dj)~* 
cuts A into two complementary components, exactly one of which is a disk, denoted 
B. Then it is not possible for BO co to contain an arc of length 1. 


PrRooFr. The proof is exactly the same as in Lemma([18.74] except that the part 
of the boundary of B that one wants to avoid has length at most 26’ < 0.2 instead 
of 6’. Still, since (in the notation of the proof of Lemma [I8.74) the total length of 
Z is at least 0.87 so that the lengths of the other ends of the D, as z ranges over Z 
is at least 0.86, there is z € Z for which both ends of D, lie in cg. Again this puts 
us back in the case ruled out by Lemma[18.74 O 





As a special case of this result we have the following. 


COROLLARY 18.83. Suppose that we have an arc € of length at most 1 on co. 
Denote the endpoints of € by x and y and suppose that Dz 1 Dy #0. Let Di, and 
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D7, be sub-geodesics containing x and y respectively ending at the same point, v, and 
otherwise disjoint. Then the loop € * Dy * (D!,)~! bounds a disk in A. 


ProoF. If not, then it is homotopically non-trivial in A and replacing € by its 
complement, co \ int €, gives us exactly the situation of the previous lemma. (The 
length of co \ int € is at least one since the length of co is at least 2.) O 





Let us now summarize what we have established so far about the intersections of 
the geodesics {Dz }rex. 


COROLLARY 18.84. For each x € X, the geodesic Dy is an embedded arc in A. 
Either it has length 6’ or its final point lies on cy. Suppose there are x # x! in 
X with Dy Dy #0. Then there is an arc € on co connecting x to x’ with the 
length of € at most 6+ py. Furthermore, for sub-geodesics D!, C Dz, containing x, 
and D!, C Dy, containing x’, that intersect exactly in an endpoint of each, the loop 
be Diy® (D!.)~! bounds a disk B in A, and the length of € is at most the turning of 
€ plus the area of B. 


6.6. Completion of the proof. We have now completed all the technical work 
on focusing and we have also shown that the restriction of the exponential mapping 
to the complement of the bases of the focusing regions is an embedding. We are now 
ready to complete the proof of Proposition [18.63] 

Let J be an interval of length one in co. Because of Corollary we can 
construct the maximal focusing triangles for J as follows. Orient J, and begin at 
the initial point of J. At each step we consider the first x (in the subinterval of J 
under consideration) which intersects a D, for some later y € J. If we have such 
y, then we can construct the sides of the putative triangle for sub-geodesics of D, 
and D,. But we need to know that we have a focusing triangle. This is the content 
of Corollary [18.83] The same reasoning works when we construct the maximal such 
focusing triangle with a given left-hand side, and then when we show that in the 
complement of the focusing triangles the map is an embedding. Thus, as before, for 
an interval J of length 1, we construct a subset X4, C XM J of length at least 0.97 
such that the restriction of the exponential mapping to Sy, is an embedding. Again 
the area estimate shows that there is a subset Z C X‘, whose length is at least 0.87 
with the property that for every z € Z the geodesic D, has both endpoints in OA. 
By Lemma [I8.74] the only possibility for the final endpoints of all these D,’s is that 
they lie in c,. 

In particular, there are x € X for which D, spans from cg to cj. We pick one such, 
xo, contained in the interior of X, and use it as the starting point for a construction 
of maximal focusing triangles all the way around cg. What we are doing at this point 
actually is cutting the annulus open along D,,, to obtain a disk and we construct a 
maximal family of focusing triangles of the interval [xj, 2] obtained by cutting co 
open at 2 relative to this disk. Here xj and «@ are the points of the disk that map 
to £9 when the disk is identified to form A. Briefly, having constructed a maximal 
collection of focusing triangles for a subinterval [7p, x], we consider the first point y 
in the complementary interval [x,x¢] with the property that there is y’ in this same 
interval, further along with Dy Dy #0. Then, using Corollary [18.84] we construct 
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the maximal focusing triangle on [x, 75] with left-hand side being a sub-geodesic of 
D,. We then continue the construction inductively until we reach xj. Denote by 
&1,...,&€ the bases of these focusing triangles and let X’ be X \ U4. 

The arguments above show that the exponential mapping is an embedding of S'x, 
to the annulus. 


CLAIM 18.85. For every subinterval J of length one in co the total length of the 
bases &; that meet J is at most 26 + u < 0.03. 


PROOF. Since, by Corollary [18.72] every base of a focusing triangle has length 
at most 6 + yu, we see that the union of the bases of focusing triangles meeting J is 
contained in an interval of length 1 + 2(6 + 4) < 2. Hence, the total turning of the 
bases of these focusing triangles is at most 26 whereas the sum of their areas is at 
most pt. The result now follows from Corollary [18.72] O 





By hypothesis there is an integer n > 1 such that the length l(c) of co is greater 
than n but less than or equal to n+1. Then it follows from the above that the total 
length of the bases of all the focusing triangles in our family is at most 


(n + 1)(26 + pw) < 0.03(n + 1) < 0.06n < 0.061 (co). 


Since the restriction of the exponential mapping to S'x’ is an embedding, it follows 
from Claim [18.65] and the choice of 6’ that, for any open subset Z of X’, the area of 
the image under the exponential mapping of 97 is at least (1—6)? [ z f(x)ds, where ds 
is the arc length along Z. Also, the image under the exponential mapping of 0; (Sz) 
is an embedded arc in A of length at least (1 — 6)l(Z). Since the length of X’ is at 
least (0.94)I(co) and since the area of A is less than jz < (1 —6)6'/10, it follows that 
the subset of X’ on which f takes the value 6’ has length at most 0.10 < (0.10)I(co). 
Hence, there is a subset X” C X’ of total length at least (0.84)/(co) with the property 
that f(x) < 6 for all x € X”. This means that for every x € X” the geodesic D, 
spans from co to c,, and hence the exponential mapping embeds 0, Sx into c;. But 
we have just seen that the length of the image under the exponential mapping of 
01S x is at least 


(1 — 6)1(X") > (0.99)1(X”) > (0.83)1(co). 


It follows that the length of c; is at least (0.83)l(co) > 3(U(co))/4. 
This completes the proof. 


7. Proof of the first inequality in Lemma [18.52 


Here is the statement that we wish to establish when the manifold (W, A(t)) is 
the product of (IM, g(t)) x (S},ds?). 


LEMMA 18.86. Let (W,h(t)), to <t < ti, be a Ricci flow and fix O < oo. Then 
there exist constants 6 > 0 and0 < rp <1 depending only on the curvature bound for 
the ambient Ricci flow and © such that the following holds. Let c(a,t), to <t<t, 
be a curve-shrinking flow with c(-,t) immersed for each t € [to, ti] and with the total 
curvature of c(-,to) being at most ©. Suppose that there is0 <r <1 and at a time 
’ € [to,t1 — dr?] such that the length of c(-,t') is at least r and the total curvature 
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of c(-,t’) on any sub-are of length r is at most 6. Then for every t € [t’, t’ + dr?] the 
curvature k satisfies 





The rest of this section is devoted to the proof of this lemma. In such a 
local estimate was established when the ambient manifold was Euclidean space and 
the curve in question is a graph. A related result for hypersurfaces that are graphs 
appears in [19]. The passage from Euclidean space to a general Ricci flow is straight- 
forward, but it is more delicate to use the bound on total curvature on initial sub-arcs 
of length r to show that in appropriate coordinates the evolving curve can be written 
as an evolving graph, so that the analysis in [2] can be applied. 

We fix 6 > 0 sufficiently small. We fix t’ € [to,t; — 6r?] for which the hypotheses 
of the lemma hold. The strategy of the proof is to first restrict to the maximum 
subinterval of [t’, tg] of [t/,¢’ + 6r?] on which k is bounded by \/2/(t —?t’). If te < 
t!+6r?, then k achieves the bound ,/2/(t — t’) at time tg. We show that in fact on 
this subinterval k never achieves the bound. The result then follows. To show that k 
never achieves the bound, we show that on a possibly smaller interval of time [t’, t3] 
with t3 < tg we can write the restriction of the curve-shrinking flow to any interval 
whose length at time t’ is (0.9)r as a family of graphs in a local coordinate system so 
that the function f (of arc and time) defining the graph has derivative along the arc 
bounded in norm by 1/2. We take t3 < t2 maximal with respect to these conditions. 
Then with both the bound on & and the bound on the derivative of f one shows 
that the spatial derivative of f never reaches 1/2 and also that the curves do not 
move too much so that they always remain in the coordinate patch. The only way 
that this can happen is that if to = tg, that is to say, on the entire time interval 
where we have the curvature bound, we also can write the curve-shrinking flow as 
a flow of graphs with small spatial derivatives. Then it is convenient to replace the 
curve-shrinking flow by an equivalent flow, introduced in [2], called the graph flow. 
Applying a simple maximum principle argument to this flow we see that k never 
achieves the value ,/2/(t — t’) on the time interval [t’,t2] and hence the curvature 
estimate k < \/2/(t — t’) holds throughout the interval (¢’, t’ + 6r?]. 


7.1. A bound for f kds. Recall that k is the norm of the curvature vector 
VS, and in particular, k > 0. For any sub-arc y of c(-,t’) at time t’ we let y% be 
the result at time ¢t of applying the curve-shrinking flow to 7. The purpose of this 
subsection is to show that be kds is small for all t € [t’,t! + dr?] and all initial arcs 
yy of length at most r. 


CLAIM 18.87. There is a constant Do < co, depending only on © and the curva- 
ture bound of the ambient Ricci flow such that for every t € [t’,t’ + dr?| and every 
sub-arc yy whose length is at most r, we have i kds < Do and I(%) < Dor, where 
L(y) is the length of ¢. 


ProoF. This is immediate from Corollary [18.38] applied to all of c(-,t). oO 
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Now we fix tg < t’/ + dr? maximal subject to the condition that k(z,t) < oa 


for all x and all t € [t’, te]. If tg < t/ + br? then there is x with k(x, tg) = Gay: 


Now consider a curve y of length r. From the integral estimate in the previous 
claim and the assumed pointwise estimate on k, we see that 


k2ds < maxrereh(a,t) f kds < — - Do. 
Vt Vt 

Using Equation (18.12), it follows easily that, provided that 6 > 0 is sufficiently 
small, the length of + is at least (0.9)r for all t € [t’, tg], and more generally for any 
subinterval yj, of y and for any t € [t’, tg] the length of the corresponding interval 7 
is at least (0.9) times the length of 7;,. We introduce a cut-off function on yy x [t’, t2] 
as follows. First, fix a smooth function q: [—1/2,1/2] — [0,1] which is identically 
zero on [—0.50, —0.45] and on (0.45, 0.50], and is identically 1 on [—3/8,3/8]. There 
is aconstant D’ such that |w’| < D’ and |7"| < D’. Now we fix the midpoint x9 € yy 
and define the signed distance from (x,t), denoted 


Si Ve xX [t’, te] _ R, 
as follows: 2 
stest) =f |X(u.Olay 
a) 


We define the cut-off function 
s(x,t 
olast) =v (29). 


CLAIM 18.88. There is a constant D, depending only on the curvature bound for 
the ambient Ricci flow such that for any sub-arc yy of length r, defining y(x,t) as 
above, for all x € % and allt € [t’, tz] we have 


io t) D, 


ee eD 
at [<7 ' 


PROOF. Clearly, 





plrst) _ yy = (10s(a,t) 


Ot r r ot 
We know that |~’| < D’ so that 
co “ D “a 
ob Ob - i 





On the other hand, 
s(e.t) = [|X @.bla 
Xo 


" AX(y, HI 
[ Ot dy d 


so that 


ot 





“a _ 





By Lemma we have 
a|X(y, t)| 


ay = (—Ric(S(y, t), $(y,t)) — k?(y,t)) ds, 
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so that there is a constant D depending only on the bound of the sectional curvatures 
of the ambient Ricci flow with 


oste.t < [ Deeds < Din) + | k*(y, t)ds(y,t), 
xo v0 


and hence by Claim [18.87] 
Os(a,t) 
Ot 











| < DDor+ f k?(y, t)ds(y, t). 
xo 


Using the fact that k? < 2/(t — t’), we have 


[ew t)ds(y,t) <V/ kds < VE, 


Putting all this together, we see that there is a constant D, such that 


oe 1 
a | PVE 








i, 





O 


CLAIM 18.89. There is a constant D2 depending only on the curvature bound of 
the ambient Ricci flow and © and a constant D3 depending only on the curvature 
bound of the ambient Ricci flow, such that for any t € |t’,t2| and any sub-arc yy of 
length r, we have 


d ah 1 Dy 
ypkds| < Do (1 +s) +> +D, [ pkds. 
dt vt—t ‘iad - 
PROOF. We have 


d Ov(a,t) / O(kds) 
|. eh] < [oe Ot ee kas| + ma Ot | 


Using Claim [18.88] for the first term and Claim [18.36] and arguing as in the proof of 
Lemma for the second term, we have 
/ pk" ds| + 
yt 


d 1 
kds| < D, (1+ —> [ + + 
ra : i( 7) _ 


where C} depends only on the ambient curvature bound. We bound the first term 
by 




















Ci pkds, 
Vt 














1 
D,Do | ——$ + 1}, 
. (ss ) 


where Do is the constant depending on © and the ambient curvature bound from 
Claim[I8.87] Since the ends of 7; are at distance at least (0.45)r from 29 all t € [t’, ta], 


we see that for all t € [t’, ta] 
/ pk" = | pk". 
Vt e(:,t) 


’ 


Integrating by parts we have 


/ pk"ds = | p' kds, 
e(- it) c(-,t) 


460 18. FINITE-TIME EXTINCTION 


where the prime here refers to the derivative along c(-,t) with respect to arc length. 
Of course |p"| < B.. Thus, we see that 


Dp D'D 
i gk"'ds| < = | kds < —>. 
Yt c(-,t) ss 


Putting all this together, we have 














d 1 Do 
— kds| < Dg | 1+ —_—= +B+Ds | kds 
af’ »( Fy =) 2 3 ra 
for Dz = Dp max(D’, D,) and D3 = C}. This gives the required estimate. O 





COROLLARY 18.90. For any t € [t’, tz] and any sub-arc yy of length r we have 
/ pkds < Divo 
Vt 


for a constant D4 that depends only on the sectional curvature bound of the ambient 
Ricci flow and O. 


ProoF. This is immediate from the previous result by integrating from ?¢’ to 
tg < t/ + 6r?, and using the fact that 6 <1 andr <1, and using the fact that 


/ has < | kds < 6 
Ve! Y, 


t/ 





since 7 has length at most r. O 
This gives: 


COROLLARY 18.91. For yy C c(-,t') a sub-arc of length at most r and for any 
t € [t’, te], we have 


/ kds < 2D,V5. 
Vt 


For any t € [t’, tg] and any sub-arc J C c(-,t) of length at most r/2 with respect to 
the metric h(t), we have 


| k(x, t)ds(a,t) < 2DaV6. 
J 


PROOF. We divide an interval y C c(-,t’) of length at most r into two subin- 
tervals yj, and 7; of lengths at most r/2. Let 4j, and 4) be intervals of length r 
containing yj, and 7; respectively as middle subintervals. We then apply the previ- 
ous corollary to 4j, and 4) using the fact that yk > 0 everywhere and yk = k on the 
middle subintervals of 4;, and 4j;. For an interval J C % of length r/2, according to 
Lemma [18.38] the length of 7 |, with respect to the metric h(t’) is at most r, and 
hence this case follows from the previous case. O 
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7.2. Writing the curve flow as a graph. Now we restrict attention to [t’, ta], 
the maximal interval in [t’, t’+6r?] where k? < 2/(t—t’). Let yy: be an arc of length r 
in c(-,t’) and let 2 be the central point of y. Denote y(x0) = p € W. We take the 
h(t')-exponential mapping from T,W — W. This map will be a local diffeomorphism 
out to a distance determined by the curvature of h(t’). For an appropriate choice of 
the ball (depending on the ambient curvature bound) the metric on the ball induced 
by pulling back h(t) for all t € [#’,t2] will be within 5 in the C!-topology to the 
Euclidean metric h’ = h(t’). By this we mean that 

(1) |(X,Y)na — (X,Y )w| < 6|X|n|¥ |pr for all tangent vectors in the coordi- 
nate system, and 

(2) viewing the connection [ as a bilinear map on the coordinate space with 
values in the coordinate space we have |[(X,Y)|p: < 6|X|p|Y |p. 

We choose 0 < rg < 1 so that it is much smaller than this distance, and hence r 
is also much smaller than this distance. We lift to the ball in 7,W. 

We fix orthonormal coordinates with respect to the metric h’ so that the tangent 
vector of 7(xq) points in the positive x!-direction. Using these coordinates we 
decompose the coordinate patch as a product of an interval in the x!-direction and 
an open ball, B, spanned by the remaining Euclidean coordinates. From now on we 
shall work in this coordinate system using this product structure. To simplify the 
notation in the coming computations, we rename the x!-coordinate the z-coordinate. 
Ordinary derivatives of a function a with respect to z are written a,. When we 
write norms and inner products without indicating the metric we implicitly mean 
that the metric is h(t). When we use the Euclidean metric on these coordinates we 
denote it explicitly. Next, we wish to understand how ~% moves in the Euclidean 
coordinates under the curve-shrinking flow. Since we have |VsS|;, = k, it follows 
that |VsS|p < V1+06k < 2/Vt—t’, and hence, integrating tells us that for any 
x EY we have 

lve(@) — Ww (@)Iy < AVE 1 < Avr. 
This shows that for every t € [t’,t2], the curve 7% is contained in the coordinate 
patch that we are considering. This computation also implies that the z-coordinate 
of 7%, changes by at most 4V/6r over this time interval. 

Because the total curvature of yj is small and the metric is close to the Euclidean 
metric, it follows that the tangent vector at every point of y is close to the positive 
z-direction. This means that we can write y, as a graph of a function f from a 
subinterval in the z-line to Y with |f,|,, < 26. By continuity, there is tz € (t’, ta] 
such that all the curves 7; are written as graphs of functions (over subintervals of the 
z-axis that depend on t) with |f,|,, < 1/10. That is to say, we have an open subset 
U of the product of the z-axis with [¢’,t3], and the evolving curves define a map 
¥y from U into the coordinate system, where the slices at constant time are graphs 
z+> (z, f(z,t)) and are the curves y;. Using the coordinates (z,t) gives a new flow 
of curves by moving in the ¢-direction. This new flow is called the graph-flow. It is a 
reparameterization of the curve shrinking flow in such a way that the z-coordinate is 
preserved. We denote by Z = Z(z,t) the image under the differential of the map ¥ of 
the tangent vector in the z-direction and by Y(z,t) the image under the differential 
of 7 of the tangent vector in the t-direction. Notice that Z is the tangent vector 
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along the parameterized curves in the graph flow. Since we are now using a different 
parameterization of the curves from the one determined by the curve-shrinking flow, 
the tangent vector Z has the same direction but not necessarily the same length as 
the tangent vector X from the curve-shrinking parameterization. Also, notice that 
in the Euclidean norm we have |Z|?, = 1+ |fz|?,. It follows that on U we have 


(1—6)(1+ [fel2) SIZ O)Ryy < (1+. 8)(1 + [fel 


In particular, because of our restriction to the subset where |f,|,7 < 1/10 we have 
(1-6) < |Z(z,t)lR@ < (1.01)(1 +8). 

Now we know that 7 is a graph of a function f(z,t’) defined on some interval 
I along the z-axis. Let I’ be the subinterval of I centered in I with h’-length (0.9) 
times the h’-length of I. By the above estimate on |Z| it follows that the restriction 
of y to I’ has length between (0.8)r and r, and also that the h’-length of I’ is 
between (0.8)r and r. The above estimate means that, provided that 6 > 0 is 
sufficiently small, for every t € [t’,t3] there is a subinterval of 7; that is the graph 
of a function defined on all of J’. We now restrict attention to the family of curves 
parameterized by I’ x [t’, ts]. For every t € [t’, t3] the curve 7;|7 has length between 
(0.8)r and r. The curve-shrinking flow is not defined on this product because under 
the curve-shrinking flow the z-coordinate of any given point is not constant. But the 
graph flow defined above, and studied in (in the case of Euclidean background 
metric), is defined on I’ x [t’, t3] since this flow preserves the z-coordinate. The time 
partial derivative in the curve-shrinking flow is given by 


VzZ 1 ( 
IZ |Z|* 
The time partial derivative in the graph-flow is given by Y = 07/0t. The tangent 


vector Y is characterized by being h’-orthogonal to the z-axis and differing from 
Vs°S by a functional multiple of Z. 


(18.14) VsS = VzZ, Z)Z. 


CLAIM 18.92. 


Y= (VzZ, Z) ety z 


VzZ —((Z,Z),02)yZ 
ye a 
Zp a ZP 

ProoF. In our Euclidean coordinates, Z = (1, f,) so that VzZ = (0, fz) + 

I(Z, Z). Thus, 
(V 22,02) 9 = 1(2Z,2)5 Oe) pi 
Since (Z, 0z)p: = 1, it follows that 
VzZ—((Z,Z),02)yZ 
|Z)? 

is h’-orthogonal to the z-axis and hence is a multiple of Y. Since it differs by a 
multiple of Z from V gS, it follows that it is Y. This gives the first equation; the 
second follows from this and Equation (18.14). O 





To simplify the notation we set 
T(Z, Z), Oz) py 
W(Z) = (LZ, Z), Oz) nr 


|Z |? 
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Notice that from the conditions on [ and h’ it follows immediately that |(Z)| < 
(1.5)6. 


7.3. Proof that tz = to. At this point we have a product coordinate system 
on which the metric is almost the Euclidean metric in the C!-sense, and we have 
the graph flow given by 
_ OY _VzZ 
— Ot |Z? 
defined on [t’,t3] with image always contained in the given coordinate patch and 
written as a graph over a fixed interval J’ in the z-axis. For every t € [t’,t3] the 
length of yy, in the metric h(t’) is between (0.8)r and r. The function f(z,t) whose 
graphs give the flow satisfies |f,|,; < 1/10. Our next goal is to estimate |f.|,; and 
show that it is always less than 1/10 as long as k? < 2/(t—?t') and t—t! < dr? for 
a sufficiently small 6, i-e., for all t € [t’, tg]; that is to say, our next goal is to prove 
that t3 = tg. In all the arguments that follow C’ is a constant that depends only 
on the curvature bound for the ambient Ricci flow, but the value of C’ is allowed to 
change from line to line. 

The first step in doing this is to consider the angle between VzZ and Z. 


Y 





— W(4)Z 


CLAIM 18.93. Provided that 6 > 0 is sufficiently small, the angle (measured in 
h(t)) between Y and Z = (1, fz) is greater than 1/4. Also, 


k<|Y| < Vk. 
[(VzZ, Z)| < (k+26)|Z|°. 
\VzZ| < 2(\¥Y| +6). 


[(¥, Z)| < IV f210. + 39). 


ProoFr. Under the hypothesis that |f.|,,; < 1/10, it is easy to see that the 
Euclidean angle between (0, f,,) and (1, f,) is at most 7/2 — 7/5. From this, the 
first statement follows immediately provided that 6 is sufficiently small. Since Y is 
the sum of VS and a multiple of Z and since VS is h(t)-orthogonal to Z, it follows 
that |Y| = |VsS|(cos(@))~', where @ is the angle between VgS and Y. Since Y is 
a multiple of (0, f..), it follows from the first part of the claim that the h(t)-angle 
between Y and V gS is less than 7/4. Item (1) of the claim then follows from the 
fact that by definition |V55| = k. 


Since 
VzZ 


|Z |? 
and |Z|? < (1.01)(1 + 6), the third item is immediate. For Item (4), since Y is 
h’-orthogonal to the z-axis, we have 


IY, Z)arl = [CY (0, fe))arl S (Var Fela 


=Y+y(Z)Z, 
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From this and the comparison of h(t) and h’, the Item (4) is immediate. Lastly, let 
us consider Item (2). We have 


(Y,Z) = — ((Z, Z), 0z)n. 


Thus, from Item (4) we have 


(VzZ, Z) 


Zp SIV Ildal( + 38) + (1.896, 


Since Y < V2k and |f.| < 1/10, the Item (2) follows. O 





CLAIM 18.94. The following hold provided that 6 > 0 is sufficiently small: 


(1) |Z(v(Z))| < GC" + d|¥]), and 
(2) [¥(@(Z))| < CY] +.6|/Vz¥]). 


(Recall that C’ is a constant depending only on the curvature bound of the ambient 
Ricci flow.) 


ProoF. For the first item, we write Z(w(Z)) as a sum of terms where the 
differentiation by Z acts on the various. When the Z-derivative acts on I the 
resulting term has norm bounded by a constant depending only on the curvature 
of the ambient Ricci flow. When the Z-derivative acts on one of the Z-terms in 
I(Z,Z) the norm of the result is bounded by 26|VzZ||Z|. Action on each of the 
other Z-terms gives a term bounded in norm by the same expression. Lastly, when 
the Z-derivative acts on the constant metric h’ the norm of the result is bounded 
by 267. Since |VzZ| < 2(|Y| +6), the first item follows. 

We compute Y(w(Z)) in a similar fashion. When the Y-derivative acts on the 
I, the norm of the result is bounded by O’|Y|. When the Y-derivative acts on one 
of the Z-terms the norm of the result is bounded by 26|Vy Z|. Lastly, when the 
Y-derivative acts on the constant metric h’, the norm of the result is bounded by 
6°|Y |. Putting all these terms together establishes the second inequality above. O 





Now we wish to compute J7,,, (t} |Z|2dz. To do this we first note that using the 
definition of Y, and arguing as in the proof of the first equation in of Lemma 
we have we have 


O 2 
a7 


—2Ric(Z, Z) +2(VyZ, Z) 
= —2Ric(Z,Z) +2(VzY, Z) 


Direct computation shows that 


Val Z(ZP)\  -[V2ZP2 oo 
2 Z\/=Z —2 Zl". 
(2 (Ter) ( Zp pe 7 
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Thus from the Claim [18.92] we have 











S12? = 2(VzY,Z) —2Ric(Z, Z) 
_ Z(|Z|?) |Vz2|" P . 
7 2( Ze)? ZF |Z|° — 2(Vz(¥(Z)Z), Z) — 2Ric(Z, Z) 
2 
ee fe 2 (AEA) ares, 
where 


V = —A/ZP(Y, W(Z)Z) — 2u?(Z)IZI4 — 2(V 2 ((Z)Z), Z) — Wiel Z, Z). 
By Item (1) in Claim [18.94] and Item (4) in Claim we have 
(18.16) IV <C"(1+64/¥)). 
Using this and the fact that |Y| < /2k we compute: 


2 
a |Z|°*dz < | Z Gre ') dz +f (C’(1 + 6k)) dz 
dt Jr x4} xt} |Z| xt} 


Z(|Z|?) a / ' 
+ C’(1 + 6k)) dz 
|Z|?_ Io eee ( ) 


(VzZ, Z) |@ / ; 
= 2-0 + C"(1 + 6k)) dz, 
|Z|? | oe ( yaa 


where we denote the endpoints of I’ by {0} and {a}. By Item (2) in Claim [18.93] 
the first term is at most 2(k + 26),\/(1.01)(1 +6), which is at most Ta and the 


/\ 











0 


tt 
second term is at most C’(1+ 6k)r. Now integrating from t’ to t we see that for any 
t € [t’,t3] we have 


| \Z|?dz < | |Z|\?dz + 16V6r + C'5r? + C'83/?r?, 
I’'x{t} I’x{t'} 


Since |fz(z,t’)|n: < 25 and |Z|? is between (1 — 6)(1 +|fz|?,) and (1 +6)(1 + |f:|?,), 
we see that [7, |Z |?dz < (14+ 36)@,(1’). It follows that for any t € [t’,t3] we 
have 


x{t! 


| |Z|Pdz < (1 +r 30) Inv (I') + C' (Vor + or? lt 63/272), 
I'x{t} 





Since |Z|? is between (1 — 5)(1 + |fz|?,) and (1+ 6)(1 + |f.|?,), we see that there 
is a constant C// depending only on the ambient curvature bound such that for any 
t € [t’, ts], denoting by ¢,,(I’) the length of I’ with respect to h’, we have 


| [felRdz < 45ly(I’) + Cl (Vor + 6r3 + 63/r?), 
I'x{t} 


Since (0.8)r < ly/(I') < r < 1, we see that provided that 6 is sufficiently small, 
for each t € [t’,t3] there is z(t) € I’ such |f,(z(t),t)|?, < 2C/Vd. If we have 
chosen 6 sufficiently small, this means that for each t € [t’, t3] there is z(t) such that 
|fz(z(t), t)|nr < 1/20. Since by Corollary 18.9) Jr. kds < 2D,V/6, provided that 
6 is sufficiently small, it follows that for all t € [#’, ts] the curve y%|p is a graph of 
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(z,t) and |fz|n, < 1/10. But by construction either t3 = t2 or there is a point in 
(z,t3) € I’ x {t3} with | f.(z,t3)|,, = 1/10. Hence, it must be the case that t3 = to, 
and thus our graph curve flow is defined for all t¢ € [t’, tz] and satisfies the derivative 
bound | fz|,;7 < 1/10 throughout the interval [t’, ta]. 


7.4. Proof that t. = t/ + dr?. The last step is to show that the inequality 
k? < 2/(t — t’) holds for all t € [’, t’ + 6r?]. 

We fix a point x9. We continue all the notation, assumptions and results of the 
previous section. That is to say, we lift the evolving family of curves to the tangent 
space T’,,M using the exponential mapping, which is a local diffeomorphism. This 
tangent space is split as the product of the z-axis and B. On this coordinate system 
we have the evolving family of Riemannian metrics h(t) pulled back from the Ricci 
flow and also we have the Euclidean metric h’ from the metric h(t’) on T,;,M. We 
fix an interval J’ on the z-axis of h’-length between (0.8)r and r. We choose I’ 
to be centered at x9 with respect to the z-coordinate. On I’ x [t’,t2] we have the 
graph-flow which is reparameterization of the pull back of the curve-shrinking flow. 
The graph-flow is given as the graph of a function f with |fz|,, < 1/10. The vector 
fields Z and Y are as in the last section. 

We follow closely the discussion in Section 4 of [2] (pages 293 -294). Since we are 
not working in a flat background, there are two differences: (i) we take covariant 
derivatives instead of ordinary derivatives and (ii) there are various correction terms 
from curvature, from covariant derivatives, and from the fact that Y is not equal to 
V2Z/|Z/*. 

Notice that 


z (202P)) Zz. (1Z12)° 














Z/? IZ [2 
Z\2 
= ae — A(Y, Z)? — 8(Y, Z)h(Z)|Z)? — 4v?(Z) |Z" 


Thus, it follows from Equation (18.15) that we have 


Oye _ (APs 
at IZ/2 





— |Z) YP — 4(Z,Y)? + V, 


where |V| < C’(1+ 6|Y]) for a constant C’ depending only on the curvature bound 
of the ambient flow. 
Similar computations show that 





0 2 (hae 2|\VzY|? 4 VzZ 
mr = = = ees ee eee 
Ot | |Z|? |Z|2 Ze Ze ) Zt; ) 
Rm(Y,Z,Y,Z 
~2Rie(¥,¥) + 2 PEA) _ avy (u(Z)Z).¥). 
Of course, 


VzZ 


(W72*? =|¥)? + ¥(Z)(Z,Y). 
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Hence, putting all this together and using Claim we have 


0 (YP).  2IVzYP — 4ly/? 
po ee ee a, 
a "gp gp ge 827) + 
where 
IW) < CY |(Y| + 4|VzY)). 
Now let us consider 
VY 2 
gales 

2—|2| 
Notice that since | fz|,, < 1/10, it follows that 1—6 < |Z|? < (1.01)(1 +6) on all of 
[t’, tg]. We now make computation following the computations on p. 294 of [2] and 
adding in the error terms. 


a We, IP IZE 
(2—|Z7) Q=|2P) 
baer |VzY ? A\Y |? W 
So Oo (WY, LZ) 4+ 
4P2=(4P). |2P2—|24)). |2ZPe=—|4P) (2 — |Z|?) 
YRIZe 2) 7|2||\¥ |" AY |? Y|? 
ple SE pa egy 
IZ\*(2=|2P) @W=|ZPy?  @=|2Z7) = |247) 
On the other hand, 
2 
ee bales WZ 2Y 212 [2 2|Y |? (1Z12) 


Z|? |Z\2(2—-|Z|?)  |Z2(2—-|Z|2)2 | Z|2|\(2—- 2/7)? |Z]2(2 — |Z/?)3° 
From Claim [18.93] we have 
IZ|Z = 2V2Z, Z) = 24ZP(Y, Z) + 2W(Z)|ZI*. 


Plugging in this expansion gives 








Qe _ __1¥R, IPB, 
|Z|? IZ|2(2—|Z)?) [2/72 — |Z?) 
VZV, YYZ) | 8o(2)1ZP (Vz, Y) 
(2=|2P) (2—|4/?)? 
SZPIV Py, Z) | 16y(Z)IZAIV PAY, Z) | 8¥?(Z)IZIS1Y? 
(2=|Z?)* (2=|4)7)* (2=|2P)? ” 
Expanding, we have 
Ozz = VE YZ, 8(VzY,Y)Y, Z) 
|Z |? IZP2=—|27) 2A =|2F P (2=|2)?)* 
slY |7|Z|7 (¥, Z)2 
YPIZPY, 2)? 
(2/4)? )- 


where 


JU] <c(ly? + dVzY|I¥| + d¥/). 
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Comparing the formulas yields 


Qzz _ KVZYY)YZ) _ 8l¥PIZ)?(¥, 2)? 


&% = Pe” @-[epP + @-lzPB 
2|\VzY|? Aly? 
pen 50 enone eee eV, 
[ZPQ-122)  [ZPe—1Ze) 2” 
2\Z\2\|Y |4 AY |? 
ahve AWE neg a 


Q—1ZP? @-1ZP) 

where 

JA] < C"YP + VzYIIV1+ 412). 
Using Item (4) of Claim [18.93] this leads to 

Qez , 81+ 36)IYPIFAIV2¥|  41YP(VzY,Y) 
Z|? (2 —|2|?) |Z/?(2 — |Z|°) 
2|Vz¥/? 2)Z/?||¥ 2 
—(ZPQ-12Z)?) @-1ZP? 


Qt < 





+ (Al 


Next, we have 
CLAIM 18.95. 
(Vz, Z)| < ([fel(IVz¥| + 26/¥ |) + 4|Z)7|¥])(1 + 6). 


PROOF. Since Y = (0, ¢) for some function ¢, we have VzY = (0,¢z)+T(Z,Y) 
and hence 


(Vz, Z)n| = (Vz, (1, fed) S fer be)w F(Z, Y), Z) nel S [Fela lbel +4|Z?|Y. 


On the other hand VzY = (0,¢,)+IT'(Z,Y) so that |¢z|n, < |VzY|+6|Z||Y|. From 
this the claim follows. O 





Now for 5 > 0 sufficiently small, using the fact that 1— 6 < |Z|? < (1+ 6)(1.01) 
we can rewrite this as 
Qzz , 81+ 30)/VMfllV2¥1 | IVP + 4)IV2¥ lel 
|Z |? (2 — |2|?)? |Z|?(2 — |Z|?) 
IVzY|? (1.95)|Y |4 2% 
IZP?(2—|Z)?)  (2-|Z)?)P 





Qi < 


where A < C"(|Y|? + 6|Y||VzY| + 6|Y|?). Of course, |Y||VzY|+|Y|? < 2|\¥|2 + 
|VzY|?+|Y|4. Using this, provided that 6 is sufficiently small, we can rewrite this 
as 


Qu: 1 8(1 + 38)|VzY IlfellYP2 — O.9IV 14 
Ze * @-1ZP) @- |Z) 
alYP|(1 + 8)V2Y Ilfel — (1.9) IV2¥P 
r ZP 


Qi 


= Q? a At 
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where A” < C’(|Y|?). We denote the quantity within the brackets by B and we 
estimate 


B IYPIVzY]0/10)(1+6) | 40/10) + 4)I¥ PIVZY| 


IA 


8(1 + 36) 








(2— (1.01)\(1 +4) (1 — 4) 
(1.9) 2 (0.9)|Y |* 
~ (01) +4) ea eal (1.01)(1 +4) 
< (16)|Y)?|VzY|— (0.8)|VzY/? — (0.8)|Y |? 
< 0. 
Therefore, 

Q < Qzz =? +A) < Gus =(9=C)P4(¢.)" 
‘= 1ZP ~ |Z/? ' ie 


for some constant C > 1 depending only on the curvature bound for the ambient 
Ricci flow. 

Denote by / the length of J’ under h’. As we have already seen, (0.8)r <I <r. 
We translate the z-coordinate so that z = 0 is one endpoint of I’ and z = / is the 
other endpoint; the point xo then corresponds to z = //2. Consider the function 
g=P/(22(L— z)”) on I’ x [t’, t2]. Direct computation shows that g,, < 129. Now 
set 








Q=Q-C, 
and 
oe! 4(1— 6)? ; 
t—t + 22(1 — z)? oe 
Then 
—hy + (1— 6) thee + (C1)? < h?, 
so that 7 
ry ee lige at) 9 
_ < = — h. 
(Q-h)t S Ze 1-5 Qe + 


Since both h and h,z are positive, at any point where Q —h>0Oand Cus < 0, we 
have (Q —h); <0. At any point where Q,, > 0, using the fact that |Z|? > (1 — 6) 
we have 
(Q—h)t < (1-6) "(Q— haz —Q? +h. 

Thus, for any fixed t, at any local maximum for (Q — h)(-,t) at which (Q — h) is 
> 0 we have (Q —h), < 0. Since Q —h equals —oo at the end points of I’ for 
all times, there is a continuous function f(t) = maxzey(Q — h)(z,t), defined for 
all t € (t’,t2] approaching —co uniformly as t approaches t’ from above. By the 
previous discussion, at any point where f(t) > 0 we have f’(t) < 0 in the sense of 
forward difference quotients. It now follows that f(t) < 0 for all t € (t’, ts]. This 
means that for all t € (t’,t2] at the h’-midpoint 29 of I’ (the point where z = |/2) 
we have 

1 16-4(1 — 6)71 


+ 


Q(xo, t) < tT? 2 + Cis 
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Since | > (0.8)r and since t — t/ < dr”, we see that provided 6 is sufficiently small 
(depending on the bound of the curvature of the ambient flow) we have 
Q(x0,t) < Ta 

for all t € [t’, tg]. Of course, since |Z|? > 1 — 6 everywhere, this shows that 

2 
(t—t’) 
for all t € [t’, tg]. Since wp was an arbitrary point of c(-, t’), this shows that k(x, t) < 

7 for all x € c(-,t) and all t € [t’,t2]. By the definition of t2 this implies that 
to =t' + dr? and completes the proof of Lemma[18.86] 


k?(xo,t) < |¥ (xo, t)|? = (2 — |Z(xo, t)?)Q(xo,t) < 


CHAPTER 19 


Appendix: Canonical neighborhoods 


Recall that an e-neck structure on a Riemannian manifold (V,g) centered at a 
point 2 € N is a diffeomorphism w: S? x (—e~',e~!) — N with the property that 
x € (S? x {0}) and the property that R(x)q*g is within € in the Cl!/«-topology of 
the product metric hg x ds”, where ho is the round metric on $? of scalar curvature 
1 and ds? is the Euclidean metric on the interval. Recall that the scale of the e-neck 
is R(a)~!/?. We define s = sn: N — (—e7!,€7!) as the composition of 77! followed 
by the projection to the second factor. 


1. Shortening curves 


LEMMA 19.1. The following holds for alle > 0 sufficiently small. Suppose that 
(M,g) is a Riemannian manifold and that N C M is an e-neck centered at x. 
Let S(x) be the central two-sphere of this neck and suppose that S(x) separates M. 
Let y € M. Orient s so that y lies in the closure of the positive side of S(a). 
Let y: [0,a] > M be a rectifiable curve from x to y. If y contains a point of 
s-!(—e!,-e7!/2) then there is a rectifiable curve from x to y contained in the 
closure of the positive side of S(x) whose length is at most the length of y minus 
56 R(x) ¥?, 


PROOF. Since y contains a point on the negative side of S(x) and it ends on 
the positive side of S(x), there is a c € (0,a) such that y(c) € S(x) and |] is 
disjoint from S(x). Since ¥|jo, has both endpoints in S() and also contains a point 
of s~!(—e~1, —e~1 /2), it follows that for ¢ sufficiently small, the length of +|,9,,4 is at 
least 3e7!R(x)~'/2//4. On the other hand, there is a path p in $(x) connecting x to 
y(c) of length at most 2/27(1+e). Thus, if € is sufficiently small, the concatenation 
of yz followed by 7¥|;c,q] is the required shorter path. O 





2. The geometry of an e-neck 
LEMMA 19.2. For any0 < a < 1/8 there is €, = €(a) > 0 such that the following 
two conditions hold for allO <é€< «1. 


(1) If (N,g) ts an e-neck centered at x of scale one (i.e., with R(x) = 1) 
then the principal sectional curvatures at any point of N are within a/6 of 
{1/2,0,0}. In particular, for any y € N we have 


(l—a) < Ry) < +a). 


(2) There is unique two-plane of maximal sectional curvature at every point of 
an e-neck, and the angle between the distribution of two-planes of maximal 


471 


472 19. APPENDIX: CANONICAL NEIGHBORHOODS 


sectional curvature and the two-plane field tangent to the family of two- 
spheres of the e-neck structure is everywhere less than a. 


Proor. The principal curvatures and their directions are continuous functions 
of the metric g in the space of metrics with the C?-topology. The statements follow 
immediately. O 





COROLLARY 19.3. The following holds for any € > 0 sufficiently small. Suppose 
that (N,g) is an e-neck and we have and an embedding f: S? + N with the property 
that the restriction of g to the image of this embedding is within € in the Cl/4- 
topology to the round metric ho of scalar curvature one on S? and with the norm of 
the second fundamental form less than €. Then the two-sphere f(S*) is isotopic in 
N to any member of the family of two-spheres coming from the e-neck structure on 
N. 


PrRooF. By the previous lemma, if € is sufficiently small for every n € N thereisa 
unique two-plane, P,,, at each point on which the sectional curvature is maximal. The 
sectional curvature on this two-plane is close to 1/2 and the other two eigenvalues 
of the curvature operator at n are close to zero. Furthermore, P, makes small g- 
angle with the tangent planes to the S?-factors in the neck structure. Under the 
condition that the restriction of the metric to f(S*) is close to the round metric 
ho and the norm of the second fundamental form is small, we see that for every 
p € S? the two-plane df(T,S*) makes a small g-angle with P,, and hence with the 
tangent planes to the family of two-spheres coming from the neck structure. Since 
g is close to the product metric, this means that the angle between df(T,,S”) and 
the tangents to the family of two-spheres coming from the neck structure, measured 
in the product metric, is also small. Hence, the composition of f followed by the 
projection mapping N — S? induced by the neck structure determines a submersion 
of S? onto itself. Since S? is compact and simply connected, any submersion of S? 
onto itself is a diffeomorphism. This means that (S$?) crosses each line {x} x 
(—e~!,e~') transversely and in exactly one point. Clearly then, it is isotopic in N 
to any two-sphere of the form S? x {s}. oO 





LEMMA 19.4. For any a > 0 there is €2 = €2(a@) > 0 such that the following hold 
for all 0 < € < €2. Suppose that (N,g) is an e-neck centered at x and R(x) = 1. 
Suppose that y is a minimal geodesic in N from p to q. We suppose that y is 
parameterized by arc length, is of length € > e~!/100, and that s(p) < s(q). Then 
for all s in the domain of definition of y we have 


lv'(s) — (0/8s)|g < a. 
In particular, the angle between y' and 0/Qs is less than 2a. Also, any member S? 
of the family of two-spheres in the N has intrinsic diameter at most (1 + a)V2r. 


Proor. Let us consider a geodesic py in the product Riemannian manifold S? xR 
with the metric on S? being of constant Gaussian curvature 1/2, ie., radius V2. 
Its projections, 4; and pz, to S? and to R, respectively, are also geodesics, and 
\4| = /|ua|? + |u2|?. For to be a minimal geodesic, the same is true of each of 
its projections. In particular, when py is minimal, the length of ju is at most V2r. 
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Hence, for any a’ > 0, if w is sufficiently long and if the final endpoint has a larger 
s-value than the initial point, then the angle between the tangent vectors p’(s) and 
0/0s is less than a’. This establishes the result for the standard metric on the model 
for e-necks. 

The first statement now follows for all € sufficiently small and all e-necks because 
minimal geodesics between a pair of points in a manifold vary continuously in the 
C!-topology as a function of the space of metrics with the C*-topology, since k > 2. 
The second statement is obvious since the diameter of any member of the family of 
two-spheres in the standard metric is V2r. O 





COROLLARY 19.5. For any a > 0 there is €3 = €3(a) > 0 such that the following 
hold for any 0 <e€< 3 and any e-neck N of scale 1 centered at x. 


(1) Suppose that p and q are points of N with either |s(q) — s(p)| > €~'/100 or 
d(p,q) > €~!/100. Then we have 


(1 — a)|s(q) — s(p)| < d(p,q) < (1 + @)|s8(@) — s(p)].- 
(2) 
B(a,(1—a)e!) CNC B(a, (1+ a)e7?). 
(3) Any geodesic that exits from both ends of N has length at least 2(1—a)e"?. 


COROLLARY 19.6. The following holds for all € > 0 sufficiently small. Let N be 
an e-neck centered at x. If y is a shortest geodesic in N between its endpoints and 
if |y| > R(x)~*/2e-!/100, then y crosses each two-sphere in the neck structure on 
N at most once. 


There is a closely related lemma. 


LEMMA 19.7. The following holds for every « > 0 sufficiently small. Suppose that 
(M,g) is a Riemannian manifold and that N C M is an e-neck centered at x and 
suppose that 7 is a shortest geodesic in M between its endpoints and that the length 
of every component of NA |y7| has length at least R(x)~\/2e-1/8. Then 7 crosses 
each two-sphere in the neck structure on N at most once; see Fic. [i 


Proor. We parameterize y as a map from [a,b] — M. By Corollary 
provided that € > 0 is sufficiently small, each component of yM N crosses each two- 
sphere of the neck structure at most once. Suppose that there is some two-sphere 
S? x {x} that is crossed by two different components of y. Let c < d be two points 
of intersection of y with S? x {s}. 

There are two cases to consider. Suppose that the two components of 7M N 
cross S$? x {x} in opposite directions. In this case, since each component of y 1 .N 
has length at least e~'/8, then applying Corollary [19.5] we can take the two-sphere 
that they both cross to be S$? x {s} for some s € (—(0.9)e!, (0.9)e~+). Applying 
Corollary again we see that the distance from this sphere to the complement 
of N is at least R(x)~!/2e~!/20. Let ¢ < d be the points of intersection. Remove 
¥({e, d]) from y and replace it by a path in S? x {s} between y(c) and 7(d). If € is 
sufficiently small, by Lemma [19.4] we can choose this path to have length at most 
27, and hence the result will be a shorter path. 
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shortest geodesics 





e-neck 


shortest geodesic 


€-cap 


core 


FIGURE 1. Shortest geodesics in necks and caps 


The other possibility is that y~ crosses S? x {s} twice in the same direction. In 
this case the central two-sphere of N does not separate M and y makes a circuit 
transverse to the two-sphere. In particular, by Corollary [19.5] the length of 7([c, d]) 
is bounded below by 2(1 — a)R(ax)~!/2e7! where we can take a > 0 as close to zero 
as we want by making € smaller. Clearly, then in this case as well, replacing y((c, d]) 
with a path of length less than 27R(x)~!/? on S$? x {s} will shorten the length of 
Y. O 





COROLLARY 19.8. The following holds for all « > 0 sufficiently small and any 
C <oo. Let X be an (C,€)-cap in a complete Riemannian manifold (M,g), and let 
Y be its core and let S be the central two-sphere of the e-neck N = X—Y. We orient 
the s-direction in N so that Y lies off the negative end of N. Let Y be the union 
of Y and the closed negative half of N and let S be the boundary of Y. Suppose 
that y is a minimal geodesic in (M,g) that contains a point of the core Y. Then the 
intersection of y with Y is an interval containing an endpoint of y; see FIG. 


ProoF. If y is completely contained in Y then the result is clear. Suppose that 
the path is y: [a,b] — M and y(d) € Y for some d € [a,b]. Suppose that there are 
a’ <d<D' with y(a’) and y(b’) contained in S. Then, by Corollary [19.5] replacing 
V{a',o] With a path on S$ joining 7(a’) to y(b’) creates a shorter path with the same 
endpoints. This shows that at least one of the paths ¥|j¢,q OF Y|{a,], let us say Y|{a,q); 
is contained in Y. The other path 7/44) has an endpoint in Y and exits from ¥, 
hence by Corollary[19.6]there is a subinterval [d, b’] such that either y(b’) is contained 
in the frontier of X or b = b’ and furthermore y((d, b’]) crosses each two-sphere of 
the e-neck structure on N at most once. Since y is not contained in Y, there is 
b” € [d, b’] such that y(b”) € S. We have constructed a subinterval of the form [a, b”] 
such that 7({a,b”]) is contained in Y. If b! = b, then it follows from the fact that 
7\[a,o] crosses each two-sphere of N at most once that 7|;y») is disjoint from Y. This 
establishes the result in this case. Suppose that b’ < b. If there is c € [b/,b] with 
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y(c) € Y then the length of ¥([b",c]) is at least twice the distance from S' to the 
frontier of the positive end of N. Thus, we could create a shorter path with the 
same endpoints by joining 7(b”) to y(c) by a path of S. This means that 7|w 9 is 





disjoint from S and hence from Y, proving the result in this case as well. O 


We also wish to compare distances from points outside the neck with distances 
in the neck. 


LEMMA 19.9. Given 0 < a < 1 there is €4 = €4(a) > 0 such that the following 
holds for anyO <€<e4. Suppose that N is an e-neck centered at x in a connected 
manifold M (here we are not assuming that R(x) = 1). We suppose that the central 
2-sphere of N separates M. Let z be a point outside of the middle two-thirds of 
N and lying on the negative side of the central 2-sphere of N. (We allow both the 
case when z € N and when z ¢ N.) Let p be a point in the middle half of N. Let 
pu: [0,a] > N be a straight line segment (with respect to the standard product metric) 
in the positive s-direction in N beginning at p and ending at a point q of N. Then 


(1 — a)(s(q) — s(p)) < d(z,q) — d(z,p) < (1+ a)(s(q) — s(p)). 


PROOF. This statement is clearly true for the product metric on an infinite 
cylinder, and hence by continuity, for any given a, the result holds for all « > 0 
sufficiently small. O 





N.B. It is important that the central two-sphere of N separates the ambient manifold 
M. Otherwise, there may be shorter geodesics from z to g entering the other end of 
N. 


LEMMA 19.10. Given any a > 0 there is €(a@) > 0 such that the following holds for 
any 0 <e< (a). Suppose that N is an e-neck centered at x in a connected manifold 
M (here we are not assuming that R(x) = 1) and that z is a point outside the middle 
two-thirds of N. We suppose that the central two-sphere of N separates M. Let p 
be a point in the middle sixth of N at distance d from z. Then the intersection of 
the boundary of the metric ball B(z,d) with N is a topological 2-sphere contained in 
the middle quarter of N that maps homeomorphically onto S? under the projection 
mapping N — S? determined by the e-neck structure. Furthermore, if p! € OB(z,d) 
then |s(p) — s(p')| < aR(x)~1/e7!; see Fic. 


OB(z, d) 





FIGURE 2. Intersection of metric balls and necks 
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Proor. The statement is scale-invariant, so we can assume that R(x) = 1. 
Denote by S(z,d) the boundary of the metric ball B(z,d). We orient s so that z 
lies to the negative side of the central two-sphere of N. It follows immediately from 
the previous result that, provided that « > 0 is sufficiently small, S(z,d) intersects 
any line y x (—e~'/3,e~1/3) in at most one point. To complete the proof we need 
only show that S(z,d) is contained s~!((s(p) — ae~!, s(p) + ae~!)). The distance 
from d to any point in the two-sphere factor of N containing p is contained in the 
interval [d — 27,d + 27]. Provided that «€ is sufficiently small depending on a, the 
result follows immediately from Lemma [19.9 O 





3. Overlapping ¢«-necks 


The subject of this section is the internal geometric properties of e-necks and of 
intersections of e-necks. We assume that ¢ < 1/200. 


PROPOSITION 19.11. Given 0 < a < 1072, there is €5 = €5(a) > 0 such that the 
following hold for all0 < € < €5. Let N and N’ be e-necks centered at x and x’, 
respectively, in a Riemannian manifold X: 

(1) If NON #0 thenl—a < R(x)/R(2') <1+a. In particular, denoting 
the scales of N and N’ by h and h’ we have 


h 
a 


(2) Suppose y€ NON’ and S and S" are the two-spheres in the e-neck struc- 
tures on N and N’, respectively, passing through y. Then the angle between 
TS, and TS, is less than a. 

Suppose that y€ NON’. Denote by 0/Osn and O/Osyn: the tangent vectors 
in the e-neck structures of N and N’, respectively. Then at the point y, 
either 


(3 


NS 


|R(x)'/?(8/Asn) — R(x')/?0/Osni| <a 
or 
|R(x)'/?(0/dsn) + R(x’)/?8/dsyi| < a. 
Suppose that one of the two-spheres S’ of the e-neck structure on N’ is 


completely contained in N. Then S" is a section of the projection mapping 
on the first factor 


pi: S? x (ete) 9". 


iio 
oe 
a 


In particular, S’ is isotopic in N to any one of the two-spheres of the e-neck 
structure on N by an isotopy that moves all points in the interval directions. 

(5) If NON’ contains a point y with (—0.9)e—! < sn(y) < (0.9)e!, then there 
is a point y’ € NAN’ such that 


—(0.96)e~! < sn(y’) < (0.96)e* 
—(0.96)e~! < syi(y') < (0.96)e7!. 
The two-sphere S(y') in the neck structure on N through y' is contained in 


N' and the two-sphere S"(y') in the neck structure on N' through y' is con- 
tained in N. Furthermore, S(y') and S"(y’) are isotopic in NON’. Lastly, 
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NOON’ is diffeomorphic to S? x (0,1) under a diffeomorphism mapping 
S(y) to S? x {1/2}, see Fic. 3 


N’ 


a. 


Re 


N 


FIGURE 3. Overlapping e-necks. 


ProoF. Fix 0 < e5(a) < min(e1(a1), €2(a/3), €3(@),a/3) sufficiently small so 
that Corollary [19.3] holds. The first two items are then immediate from Lemma 
The third statement is immediate from Lemma [19.4] and the fourth statement from 
Corollary 9.3] Let us consider the last statement. Let y € NM.N’ have —(0.9)e~! < 
sn(y) < (0.9)e~!. By reversing the s-directions of N and/or N’ if necessary, we can 
assume that 0 < sy(y) < (0.9)e~! and that Osy and Os,, almost agree at y. If 
—(0.96)e—! < snr(y) < (0.96)e—!, we set y’ = y. Suppose that syr(y) > (0.96)e7!. 
We move along the straight line though y in the neck structure on N in the negative 
direction to a point y’ with (0.96)e~! = sy(y’) According to Item 3 of this result 
we have —(0.96)e—! < sy(a’) < (0.96)e~. There is a similar construction when 
sni(y) < —(0.96)e~'. In all cases this allows us to find y’ such that both the 
following hold: 


—(0.96)e~! < sn(y’) < (0.96)e7+ 


—(0.96)e~t < syi(y’) < (0.96)e7t. 


Let y’ be any point satisfying both these inequalities. According to Lemma [19.4] 
and Part (1) of this result, the diameter of S(y’) is at most 27h, where h is the scale 
of N and N’. Since e~! > 200, it follows from Corollary [9.5]that $(y’) is contained 
in N’. Symmetrically $’(y’) is contained in N. 

Now consider the intersection of any straight line in the neck structure on N with 
N’. According to Part (3), this intersection is connected. Thus, NN’ is a union of 
open arcs in the sy-directions thought the points of Sy’). These arcs can be used 
to define a diffeomorphism from NN’ to S$? x (0,1) sending S(y’) to S? x {1/2}. 
Also, we have the straight line isotopy from S’(y’) to S(y’) contained in NNN’. O 





4. Regions covered by e-necks and (C,«)-caps 


Here we fix 0 < € < 1/200 sufficiently small so that all the results in the previous 
two sections hold with a = 1077. 
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4.1. Chains of e-necks. 


DEFINITION 19.12. Let (X,g) be a Riemannian manifold. By a finite chain of 
e-necks in (X,g), we mean a sequence N,,..., Ny, of e-necks in (X,g) such that: 
(1) for alli, a <i <b, the intersection N; M Nj41 contains the positive-most 
quarter of N; and the negative-most quarter of N;; and is contained in the 
positive-most three-quarters of N; and the negative-most three-quarters of 
Nii; and 
(2) for alli, a<i<b, N; is disjoint from the negative end of Ng. 
By an infinite chain of e-necks in X we mean a collection {N;}ier for some interval 
I CZ, infinite in at least one direction, so that for each finite subinterval J of I the 
subset of {N;}ie7 is a chain of e-necks. 


Notice that in an e-chain N;M N; = 0 if |¢ — 3| > 5. 


LEMMA 19.13. The union U of the N; in a finite or infinite chain of e-necks is 
diffeomorphic to S? x (0,1). In particular, it is an €-tube. 


ProoFr. Let us first prove the result for finite chains. The proof that U is 
diffeomorphic to $? x (0,1) is by induction on b— a+ 1. If b =a, then the result 
is clear. Suppose that we know the result for chains of smaller cardinality. Then 
N,U:++UNp_1 is diffeomorphic to S$? x (0,1). Hence by Part (5) of Proposition[I9.11] 
U is the union of two manifolds each diffeomorphic to S$? x (0,1) meeting in an 
open subset diffeomorphic to $? x (0,1). Furthermore, by the same result in the 
intersection there is a two-sphere isotopic to each of the two-sphere factors from the 
two pieces. It now follows easily that the union is diffeomorphic to S? x (0,1). Now 
consider an infinite chain. It is an increasing union of finite chains each diffeomorphic 
to S?x (0,1) and with the two-spheres of one isotopic to the two-spheres of any larger 
one. It is then immediate that the union is diffeomorphic to S$? x (0,1). O 





Notice that the frontier of the union of the necks in a finite chain, U = Ug<i<p Ni, 
in M is equal to the frontier of the positive end of Ny, union the frontier of the 
negative end of N,. Thus, we have: 


COROLLARY 19.14. Let {Na,...,Np} be a chain of e-necks. If a connected set Y 
meets both U = Ua<i<pNi and its complement, then Y either contains points of the 
frontier of the negative end Ng or of the positive end of Np. 


The next result shows there is no frontier at an infinite end. 


LEMMA 19.15. Suppose that {No,---} is an infinite chain of e-necks in M. Then 
the frontier of U = US,.N; is the frontier of the negative end of No. 


PROOF. Suppose that x is a point of the frontier of U. Let x; € U be a sequence 
converging to x. If the x; were contained in a finite union of the Nz, say NoU---UN¢, 
then x would be in the closure of this union and hence by the previous comment 
would be either be in the frontier of the negative end of No or the frontier of the 
positive end of Ne. But the frontier of the positive end of Ne is contained in Ne11 
and hence contains no points of the frontier of U. Thus, in this case x is a point of 
the frontier of the negative end of No. If {xz;} is not contained in any finite union, 
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then after passing to a subsequence, we can suppose that x; € Ng) where k(z) is 
an increasing sequence tending to infinity. Clearly R(«;) converges to R(x) < oo. 
Hence, there is a uniform lower bound to the scales of the Nj;). For all 7 sufficiently 
large x; ¢ No. Thus, for such i any path from x; to x must traverse either No or 
Nyy) for all 7 = 1 +5. The length of such a path is at least the minimum of the 
width of No and the width of Nj(;) for some j sufficiently large. But we have just 
seen that there is a positive lower bound to the scales of the N,(;) independent of J, 
and hence by Corollary [19.5] there is a positive lower bound, independent of 7, to the 
widths of the N;,,;). This shows that there is a positive lower bound, independent 
of i, to the distance from x; to x .This is impossible since x; converges to 2. O 





In fact, there is a geometric version of Lemma [19.13 


LEMMA 19.16. There is €9 > 0 such that the following holds for all0 <€< ©. 
Suppose that {Nj}jey is a chain of e-necks in a Riemannian manifold M. Let 
U =UjesN;. Then there exist an interval I and a smooth map p: U — I such that 
every fiber of p is a two-sphere, and if y is in the middle 7/8’s of N; then the fiber 
p'(p(y)) makes a small angle at every point with the family of two-spheres in the 
e-neck N;. 


PROOF. Since according to Lemma[J9.2]the two-spheres for Nj; and Nj+1 almost 
line up, it is an easy matter to interpolate between the projection maps to the interval 
to construct a fibration of U by two-spheres with the given property. The interval 
I is simply the base space of this fibration. Ey 





A finite or infinite chain {Nj}je7 of enecks is balanced provided that for every 
j € J, not the largest element of J, we have 


19.1 0.99) R(x,;)~ Ve! < d(a;,2541) < (1.01)R(aj;) 7/274, 
J JI7 Jj 


where, for each j, x; is the central point of N;. 
Notice that in a balanced chain N; 1 Nj = 0 if |j — 7’| = 3. 


LEMMA 19.17. There exists €9 > 0 such that for all0 < € < € the following is 
true. Suppose that N and N’ are e-necks centered at x and x’, respectively, in a 
Riemannian manifold M. Suppose that x’ is not contained in N but is contained in 
the closure of N in M. Suppose also that the two-spheres of the neck structure on 
N and N’ separate M. Then, possibly after reversing the e-neck structures on N 
and/or N’, the pair {N,N’} forms a balanced chain. 


ProoF. By Corollary [19.5) Inequality holds for d(x, x’). Once we have 
this inequality, it follows immediately from the same corollary that, possible after 
reversing, the s-directions {N, N’} makes a balanced chain of e-necks. (It is not 
possible for the positive end of Nz, to meet N, for this would allow us to create a 
loop meeting the central two-sphere of N, transversely in a single point, so that this 
two-sphere would not separate .) O 





LEMMA 19.18. There exists €9 > 0 such that for all0 < € < € the following is 
true. Suppose that {Nq,...,Np} is a balanced chain in a Riemannian manifold M 
with U = UP_ Ni. Suppose that the two-spheres of the neck structure of Nq separate 


480 19. APPENDIX: CANONICAL NEIGHBORHOODS 


M. Suppose that x is a point of the frontier of U contained in the closure of the 
plus end of Ny that is also the center of an e-neck N. Then possibly after reversing 
the direction of N, we have that {Nq,...,No,N} is a balanced chain. Similarly, if 
x is in the closure of the minus end of Na, then (again after possibly reversing the 
direction of N) we have that {N, Na,..., Np} is a balanced €-chain. 


PROooF. The two cases are symmetric; we consider only the first. Since x is 
contained in the closure of No, clearly N,N 4 9. Also, clearly, provided that « > 0 
is sufficiently small, d(xy, x) satisfies Inequality so that Lemma[I9.17]the pair 
{N,, N} forms an e-chain, and hence a balanced e-chain. It is not possible for N to 
meet the negative end of N, since the central two-sphere of Nz separates M. Hence 
{Na,---; Np, N} is a balanced chain of ¢-necks. O 





PROPOSITION 19.19. There exists €g > 0 such that for all0 < € < €9 the following 
is true. Let X be a connected subset of a Riemannian manifold M with the property 
that every point x € X is the center of an e-neck N(x) in M. Suppose that the 
central two-spheres of these necks do not separate M. Then there is a subset {x;} 
of X such that the necks N(x;) (possibly after reversing their s-directions) form 
a balanced chain of e-necks {N(a;)} whose union U contains X. The union U is 
diffeomorphic to S? x (0,1). It is an e-tube. 


Proor. According to Lemma [19.18] for « > 0 sufficiently small the following 
holds. Suppose that we have a balanced chain of e-necks N,..., Np, with N; centered 
at x; € X, whose union U does not contain X. Then one of the following holds: 


(1) It is possible to find an e-neck Np+1 centered at a point of the intersection 
of X with the closure of the positive end of Nz so that Ng,...,Noi1 is a 
balanced e-chain. 

(2) It is possible to find an e-neck Nj; centered at a point of the intersection 
of X with the closure of the negative end of Ng so that Ng_1, Na,..., Np is 
a balanced e-chain. 


Now assume that there is no finite balanced chain of e-necks N(x;) containing 
X. Then we can repeatedly lengthen a balanced chain of e-necks centered at points 
of X by adding necks at one end or the other. Suppose that we have a half-infinite 
balanced chain {No,Ni,...,}. By Lemma the frontier of this union is the 
frontier of the negative end of No. Thus, if we can construct a balanced chain which 
is infinite in both directions, then the union of the necks in this chain is a component 
of M and hence contains the connected set X. If we can construct a balanced chain 
that is infinite at one end but not the other that cannot be further extended, then 
the connected set is disjoint from the frontier of the negative end of the first neck in 
the chain and, as we have see above, the ‘infinite’ end of the chain has no frontier. 
Thus, X is disjoint from the frontier of U in M and hence is contained in U. Thus, 
in all cases we construct a balanced chain of e-necks containing X. By Lemma[I9.13] 
the union of the necks in this chain is diffeomorphic to $? x (0,1) and hence is an 
e-tube. O 





LEMMA 19.20. The following holds for every « > 0 sufficiently small. Let (M,g) 
be a connected Riemannian manifold. Suppose that every point of M is the center 
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of an e-neck. Then either M is diffeomorphic to S* x (0,1) and is an e-tube, or M 
is diffeomorphic to an S?-fibration over S". 


PROOF. If the two-spheres of the e-necks do not separate M, then it follows from 
the previous result that M is an «tube. If one of the two-spheres does separate, 
then take the universal covering M of M. Every point of M is the center of an 
e-neck (lifting an e-neck in /) and the two-spheres of these necks separate M. Thus 
the first case applies, showing that M is diffeomorphic to S$? x (0,1). Every point is 
the center of an e-neck that is disjoint from all its non-trivial translates under the 
fundamental group. This means that the quotient is fibered by $?’s over S', and 
the fibers of this fibration are isotopic to the central two-spheres of the e-necks. UO 





5. Subsets of the union of cores of (C,¢)-caps and e-necks. 


In this section we fix 0 < € < 1/200 so that all the results of this section hold 
with a = 0.01. 


PROPOSITION 19.21. For any C < oo the following holds. Suppose that X is a 
connected subset of a Riemannian three-manifold (M,g). Suppose that every point 
of X is either the center of an e-neck or is contained in the core of a (C,€)-cap. 
Then one of the following holds: 

(1) X is contained in a component of M that is the union of two (C,€)-caps. 
This component is diffeomorphic to S?, RP*® or RP?#RP?. 

(2) X is contained in a component of M that is a double C-capped €-tube. This 
component is diffeomorphic to S°, RP? or RP?#RP?®. 

(3) X is contained in a single (C,€)-cap. 

(4) X is contained in a C-capped e-tube. 

(5) X is contained in an e-tube. 

(6) X is contained in a component of M that is an €-fibration, which itself is 

a union of €-necks. 


(See Fic. [4,) 


PROOF. We divide the proof into two cases: Case I: There is a point of X 
contained in the core of a (C,«¢)-cap. Case II: Every point of X is the center of an 
e-neck. 

Case I: We begin the study of this case with a claim. 


CLAIM 19.22. It is not possible to have an infinite chain of (C,€)-caps Co C Cy C 
- in M with the property that for each i > 1, the closure of the core of C; contains 
a point of the frontier of Cy_1 


PROOF. We argue by contradiction. Suppose there is such an infinite chain. 
Fix a point 2 € Cp and let Qo = R(x). For each i > 1 let x; be a point in the 
frontier of C;_, that is contained in the closure of the core of C;. For each 7 let N; 
be the e-neck in C; that is the complement of the closure of its core. We orient the 
sy,-direction so that the core of C; lies off the negative end of N;. Let S/ be the 
boundary of the core of C;. It is the central two-sphere of an e-neck N/ in C;. We 
orient the s-direction of N/ so that the non-compact end of C; lies off the positive 
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FIGURE 4. Components covered by e-necks and €-caps. 


end of N/. We denote by h;1 the scale of Nj-; and by hj, the scale of N/. By 
Lemma [19.2] the ratio hj_1/hj, is between 0.99 and 1.01. Suppose that 5% is disjoint 
from C;_1. Then one of the complementary components of S/ in M contains Cj_;, 
and of course, one of the complementary components of S/ is the core of C;. These 
complementary components must be the same, for otherwise C;_1 would be disjoint 
from the core of C; and hence the intersection of C;_; and C; would be contained 
in N;. This cannot happen since Cj_; is contained in C;. Thus, if Si is disjoint 
from C;_1, then the core of C; contains C;_;. This means that the distance from 
xo to the complement of C; is greater than the distance of x9 to the complement 
of C;_, by an amount equal to the width of N;. Since the scale of N; is at least 
C-'/?2 R(a)~1/? (see (5) of Definition 9.72), it follows from Corollary [19.5] that this 
width is at least 2(0.99)C~'/? R(ap) Ve}. 

Next suppose that S/ is contained in Cj_;. Then one of the complementary 
components A of Sin M has closure contained in Cj;_1. This component cannot be 
the core of C; since the closure of the core of C; contains a point of the frontier of 
C;-1 in M. Thus, A contains N;. Of course, A 4 N; since the frontier of A in M 
is S’ whereas N; has two components to its frontier in M. This means that C; does 
not contain A, which is a contradiction since C; contains C;_; and A C Cj_1. 
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Lastly, we suppose that S/ is neither contained in C;_; nor in its complement. 
Then 5S; must meet Nj-1. According to Proposition [19.11] the s-directions in Nj; 
and N; either almost agree or are almost opposite. Let x € S/M ON,_1 so that 
s(x) = 0. Move from x along the sy;-direction that moves into Nj; to a point 2’ 
with |sy,(2’)| = (0.05)e—!. According to Proposition [[9.1I] (0.94)e—! < sy,_,(z’) < 
(0.96)e—!. Let S’(x’) be the two-sphere in the neck structure for N/ through this 
point. According to Proposition S"(a’) C Nj-1, and $"(z’) is isotopic in 
N;,_-1 to its central two-sphere. One of the complementary components of $’(z’) 
in C;, let us call it A’, is diffeomorphic to S* x (0,1). Also, one of the comple- 
mentary components A of S’(«’) in M contains the core of C;_1. As before, since 
Ci-1 C Cj, the complementary component A cannot meet C; in A’. This means 
that the sy,_,- and s,;-directions almost line up along S’(x’). This means that 
wie) = sy (—(0.05)e*). Since the diameter of S’(z’) is less than 27h;_1, and 
since sy,_,(x’) > (0.94)e~', it follows that $’(a’) C Sy (see): Since the 
distance from S/ to the central two-sphere is at least (0.99)e~th/, It follows from 
Corollary that the central two-sphere of N; is disjoint from Cj;_, and lies off 
the positive end of N;_1. This implies that the distance from x9 to the complement 
of C; is greater than the distance from xo to the complement of Ci;_; by an amount 
bounded below by the distance from the central two-sphere of N; to its positive end. 
According to Corollary [19.5] this distance is at least (0.99)e~'h;, where h; is the scale 
of N;. But we know that hy > C~/?R(x9)-1/?. 

Thus, all cases either lead to a contradiction or to the conclusion that the distance 
from xo to the complement of C; is at least a fixed positive amount (independent of 
i) larger than the distance from 29 to the complement of C;_,. Since the diameter of 
any (C, €)-cap is uniformly bounded, this contradicts the existence of an infinite chain 
Co C Cy C--- contrary to the claim. This completes the proof of the claim. O 





Now let us turn to the proof of the proposition. We suppose first that there is a 
point zo € X that is contained in the core of a (C,¢)-cap. Applying the previous 
claim, we can find a (C,€)-cap Co containing xp with the property that no point of X 
contained in the frontier of Co is contained in the closure of the core of a (C,€)-cap 
C; that contains Co. 

There are three possibilities to examine: 


(i) X is disjoint from the frontier of Co. 
(ii) X meets the frontier of Co but every point of this intersection is the center 
of an e-neck. 
(iii) There is a point of the intersection of X with the frontier of Co that is 
contained in the core of (C, «)-cap. 

In the first case, since X is connected, it is contained in Co. In the second case 
we let Ny be an e-neck centered at a point of the intersection of X with the frontier 
of Co, and we replace Cp by Co U Ny and repeat the argument at the frontier of 
Co U Ny. We continue in this way creating Cop union a balanced chain of e-necks 
Co U Ny U No U---U Nz. At each step it is possible that either there is no point of 
the frontier containing a point of X, in which case the union, which is a C-capped 
e-tube, contains X. Another possibility is that we can repeat the process forever 


484 19. APPENDIX: CANONICAL NEIGHBORHOODS 


creating a C-capped infinite e-tube. By Lemma [19.15] this union is a component of 
M and hence contains X. 
We have shown that one of following holds: 


(a) There is a (C,¢)-cap that contains X. 

(b) There is a finite or infinite C-capped e-tube that contains X. 

(c) There is a (C,€)-cap or a finite C-capped e-tube C containing a point of X 
and there is a point of the intersection of X with the frontier of C that is 
contained in the core of a (C,€)-cap. 


In the first two cases we have established the proposition. Let us examine the 
third case in more detail. Let No C Cp be the e-neck that is the complement of the 
closure of the core of Co. First notice that by Lemma the union No U Ny U 
-»»U Np is diffeomorphic to S$? x (0,1), with the two-spheres coming from the e-neck 
structure of each N; being isotopic to the two-sphere factor in this product structure. 
It follows immediately that C is diffeomorphic to Co. Let C’ be a (C,«€)-cap whose 
core contains a point of the intersection of X with the frontier of C. We use the 
terminology ‘the core of C’ to mean C \ N;,. Notice that if k = 0, this is exactly 
the core of Co. To complete the proof of the result we must show that the following 
hold: 


7 CLAIM 19.23. If C’ is a (C,€)-cap whose core contains a point of the frontier of 
C, then CUC" is a component of M containing X. 


PROOF. We suppose that C is the union of Co and a balanced chain No,..., Nz 
of e-necks. We orient this chain so that Cp lies off the negative end of each of the 
N;. Let S’ be the boundary of the core of C’ and let N’ be an e-neck contained in 
C’ whose central two-sphere is S$’. We orient the direction sj so that the positive 
direction points away from the core of C’. The first step in proving this claim is to 
establish the following. 


CLAIM 19.24. Suppose that there is a two-sphere % C N’ contained in the closure 
of the positive half of N’ and also contained in C. Suppose that X% is isotopic in N' 
to the central two-sphere S"’ of N’. Then CUC" is a component of M, a component 
containing X. 


_ PROOF. © separates C into two components: A, which has compact closure in 
C, and B, containing the end of C. The two-sphere © also divides C’ into two 
components. Since » is isotopic in N’ to S$’, the complementary component A’ of 
» in C’ with compact closure contains the closure of the core of C’. Of course, the 
frontier of A in M and the frontier of A’ in M are both equal to %. If A = A’, then 
the closure of the core of C’ is contained in the closure of A and hence is contained 
in C, contradicting our assumption that C’ contains a point of the frontier of C. 
Thus, A and A’ lie on opposite sides of their common frontier. This means that 
AUA isa component of M. Clearly, this component is also equal to CUC’. Since 
X is connected and this component contains a point x9 of X, it contains X. This 
completes the proof of Claim [19.24] O 





Now we return to the proof of Claim [19.23] We consider three cases. 
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First Subcase: 9’ Cc C. In this case we apply Claim [19.24] to see that CUC’ is a 
component of M containing X. 

Second Subcase: S’ is disjoint from C. Let A be the complementary component 
of S’ in M containing C. The intersection of A with C’ is either the core of C’ or is 
a submanifold of C’ diffeomorphic to S$? x (0,1). The first case is not possible since 
it would imply that the core of C’ contains C and hence contains Co, contrary to 
the way we chose Cy. Thus, the core of C’ and the the complementary component 
A containing C both have S’ as their frontier and they lie on opposite sides of S$’. 
Since the closure of the core of C’ contains a point of the frontier of & , it must be 
the case that S’ also contains a point of this frontier. By Proposition [19.11] the neck 
N’ CC’ meets Nz and there is a two-sphere © C N’N Nj, isotopic in N’ to S$" and 
isotopic in N; to the central two-sphere of N;. Because Nz, C C and C is disjoint 
from the core of C’, we see that © is contained in the positive half of N’. Applying 
Claim [19.24] we see that C UC’ is a component of M containing X. 

Third Subcase: $"M C #() and S' ¢ C. Clearly, in this case $’ contains a point 
of the frontier of Cin M, i.e., a point of the frontier of the positive end of Nz in M. 
Since N; 0 .N’ ¥¢ 0, by Lemma [19.2] the scales of Nj, and N’ are within 1 + 0.01 of 
each other, and hence the diameter of S’ is at most 27 times the scale of N;. Since 
the central two-sphere S$’ of N’ contains a point in the frontier of the positive end 
of Nz, it follows from Lemma [19.5] that S’ is contained on the positive side of the 
central two-sphere of N; and that the frontier of the positive end of Nz is contained 
in N’. By Proposition there is a two-sphere © in the neck structure for N 
that is contained in Nz and is isotopic in Nz to the central two-sphere from that 
neck structure. Let A be the complementary component of © in M that contains 
C'\ Nz. If the complementary component of © that contains C’ \ N’ is not A, then 





CUC' isa component of M containing X. Suppose that A is also the complementary 
component of © in M that contains C’ \ N’. Of course, A is contained in the core 
of C’. If k > 1, we see that A and hence the core of C’ contains C \ Nz, which 
in turn contains the core of Co. This contradicts our choice of Co. If k = 0, then 
Co = AU(NoM(M \ A)). Of course, A C C’. Also, the frontier of No M (M \ A) in 
M is the union of A and the frontier of the positive end of No in M. But we have 
already established that the frontier of the positive end of No in M is contained in 
N’. Since A C C’, it follows that all of Co is contained in C’. On the other hand, 
there is a point of the frontier of Co contained in the closure of the core of C’. This 
then contradicts our choice of Co. 

This completes the analysis of all the cases and hence completes the proof of 


Claim [19.23] Oo 





The last thing to do in this case in order to prove the proposition in Case I is to 
show that CUC' is diffeomorphic to $°, RP*, or RP?#RP®*. The reason for this is 
that C' is diffeomorphic to Co; hence C either is diffeomorphic to an open three-ball 
or to a punctured RP®. Thus, the frontier of C’ in Cisa two-sphere that bounds 
either a compact three-ball or the complement of an open three-ball in RP?. Since 
C’ itself is diffeomorphic either to a three-ball or to a punctured RP®, the result 
follows. 
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Case II: Suppose that every point of X is the center of an e-neck. Then if the 
two-spheres of these necks separate M, it follows from Proposition [19.19] that X is 
contained in an e-tube in M. 

It remains to consider the case when the two-spheres of these necks do not sepa- 
rate M. As in the case when the two-spheres separate, we begin building a balanced 
chain ¢-necks with each neck in the chain centered at a point of X. Either this 
construction terminates after a finite number of steps in a finite e-chain whose union 
contains X, or it can be continued infinitely often creating an infinite € chain con- 
taining X or at some finite stage (possibly after reversing the indexing and the 
s-directions of the necks) we have a balanced e-chain Nz U---U Np_1 and a point 
of the intersection of X with the frontier of the positive end of Nj,_1 that is the 
center of an e-neck Nz, with the property that Nz, meets the negative end of Ng. 
Intuitively, the chain wraps around on itself like a snake eating its tail. If the inter- 
section of Na Np contains a point x with sy,(x) > —(0.9)e~+, then according to 
Proposition [19.11] the intersection of N,N, is diffeomorphic to S? x (0,1) and the 
two-sphere in this product structure is isotopic in N, to the central two-sphere of 
Ng and is isotopic in Nz to the central two-sphere of Ny. In this case it is clear that 
NqaU-::UN, is a component of M that is an e-fibration. 

We examine the possibility that the intersection N,N, contains some points 
in the negative end of N, but is contained in sy, ((—e7!, —(0.9)e“4)). Set A = 
sy, ((-e7}, —(0.8)e~!)). Notice that since X is connected and X contains a point 
in the frontier of the positive end of N, (since we have added at least one neck at 
this end), it follows that X contains points in sy, (s) for all s € [0,e~+). If there 
are no points of X in A, then we replace N, by an e-neck N/ centered at a point of 
Sy. ((0.15)e~1) NX. Clearly, by Lemma [19.5] Nj, contains sy, (—(0.8)e—1, e+) and 
is disjoint from sy. ((-e7?, —(0.9)e~*), so that N’, Nas1,..., No is a chain of e-necks 
containing X. If there is a point of X M A, then we let Nyi1 be a neck centered 
at this point. Clearly, Ng U---U No41 is a component, Mo, of M containing X. 
The preimage in the universal covering of Mo is a chain of e-necks infinite in both 
directions. That is to say, the universal covering of Mp is an e-tube. Furthermore, 
each point in the universal cover of Mo is the center of an e-neck that is disjoint 
from all its non-trivial covering translates. Hence, the quotient Mo is an e-fibration. 

We have now completed the proof of Proposition [19.21] oO 





As an immediate corollary we have: 


PROPOSITION 19.25. For alle > 0 sufficiently small the following holds. Suppose 
that (M,g) is a connected Riemannian manifold such that every point is either con- 
tained in the core of a (C,¢)-cap in M or is the center of an e-neck in M. Then one 
of the following holds: 

(1) M is diffeomorphic to S?, RP? or RP?#RP?, and M is either a double 
C-capped e-tube or is the union of two (C,€)-caps. 

(2) M is diffeomorphic to R® or RP? \ {point}, and M is either a (C,e-cap or 
a C-capped e-tube. 

(3) M is diffeomorphic to S? x R and is an e-tube. 

(4) M is diffeomorphic to an S?-bundle over S' and is an €-fibration. 
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